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ABSTRACT
Small heat-shock proteins (sHsps) are a family of ubiquitous intracellular molecular
chaperones that play a vital role in protein homeostasis (proteostasis). It is commonly
accepted that these chaperones work by trapping misfolded proteins to prevent their
aggregation. However, fundamental questions regarding the molecular mechanisms by
which sHsps interact with misfolded proteins remain unanswered. The dynamic and
polydisperse nature of mammalian sHsp oligomers has made these chaperones
notoriously challenging to study using traditional biochemical approaches. Over the past
few decades, single-molecule techniques have emerged as a powerful tool to study
dynamic biological systems as they enable rare and transient populations to be identified
that would usually be masked in traditional ensemble measurements. Hence, these
techniques are particularly suitable to study the chaperone function of sHsps. The work
described in this thesis aimed to utilise single-molecule fluorescence (SMF) techniques
in order to study the interactions of sHsps with misfolded client proteins.
A SMF-based approach was first developed and utilised in order to observe the
interactions between the sHsp, alphaB-crystallin (αBc, HSPB5) and the model amorphous
client protein, chloride intracellular channel 1 (CLIC1). Together with traditional
ensemble-based biochemical techniques (light-scattering assays and size-exclusion
chromatography), the results from this single-molecule approach clearly demonstrate that
αBc is able to bind and inhibit the amorphous aggregation of CLIC1 by forming sHspCLIC complexes. Furthermore, using this SMF-based approach, the stoichiometries of
these αBc-client protein complexes were able to be determined for the first time. By
examining the dispersity and stoichiometries of these complexes over time, and in
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response to different concentrations of αBc, it was demonstrated that αBc interacts with
and prevents the aggregation of misfolded client proteins via a two-step mechanism.
Whilst sHsps protect the cells from protein aggregation by binding and sequestering
misfolded client proteins, these chaperones alone are not able to refold bound clients back
to their native conformation. Instead, client proteins bound within sHsp-client complexes
must be transferred to ATP-dependent refolding chaperones, such as the Hsp70/Hsp40
folding system, for this process to occur. However, many details regarding the molecular
mechanisms that underpin the transfer of client proteins between these two chaperone
systems remain unclear. By developing and employing a FRET-based approach, and
using this in conjunction with SMF-based techniques, this work demonstrates that the
human Hsc70/Hsp40 refolding system is able to disassemble αBc-CLIC1 complexes via
the removal of CLIC1 from these complexes. Thus, taken together, these data are in
accordance with previous models of sHsp chaperone action whereby, under conditions of
cellular stress, sHsps recognise and bind misfolded clients to prevent their aggregation
until such a time that physiological conditions are restored. The Hsc70/Hsp40 system is
then able to dissemble sHsp-client complexes by selectively removing client proteins,
presumably for refolding.
Finally, an SMF-based approach was developed and described in order to directly
visualise the binding of sHsps to a disease-related fibril-forming client protein, α-syn.
These data demonstrate that sHsps are able to stably interact with species formed during
the early stages of the aggregation as well as the end product of this process, mature αsyn fibrils. Analysis of the complexes formed between these α-syn species and various
wild-type and mutant sHsp isoforms demonstrated that sHsps are able to exploit a variety
of mechanisms and regions in order to bind to aggregated forms of α-syn. It is shown that
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sHsps prevent the elongation of small α-syn species via multiple distinct binding sites that
involve regions in the N- and C-terminal domains, as well as the α-crystallin domain.
Binding of sHsps to mature α-syn fibrils involves only the N- and C-terminal regions, and
not the α-crystallin domain.
Overall, the work presented in this thesis demonstrates how SMF techniques can be used
in conjunction with traditional ensemble-based biochemical techniques to reveal
important information regarding the multi-faceted nature of the chaperone mechanisms
employed by sHsps to prevent protein aggregation. Elucidating these mechanistic details
is critical to understanding how these molecular chaperones function to protect the cell
from protein misfolding, and the role of sHsps in the cellular proteostasis network.
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Chapter 1: Introduction

Parts of this chapter have been previously published in the following work:
Johnston, C. L., N. R. Marzano, A. M. van Oijen and H. Ecroyd (2018). "Using singlemolecule approaches to understand the molecular mechanisms of heat shock protein
chaperone function." J Mol Biol 430(22): 4525-4546
Author contributions to manuscript: Johnston, C. L. and N. R. Marzano contributed
equally to writing the manuscript and compositing the figures. H. Ecroyd and A. M. van
Oijen edited the manuscript for submission.

Chapter 1: Introduction

The misfolding, aggregation and deposition of proteins into intracellular inclusions or
extracellular plaques is associated with numerous neurodegenerative diseases, including
Alzheimer’s and Parkinson’s disease (Soto and Pritzkow 2018). It is believed that protein
species formed during the aggregation of misfolded proteins are neurotoxic and
associated with disease onset and progression (Caughey and Lansbury Jr 2003, Stefani
and Dobson 2003). Consequently, cells have evolved a complex network of cellular
machinery that act to prevent protein aggregation and maintain protein homeostasis
(proteostasis) (Chiti and Dobson 2006). Molecular chaperones play a vital role in this
proteostasis network by facilitating protein folding, assembly, translocation, stabilisation
and degradation under cellular stress and normal physiological conditions (Hartl, Bracher
et al. 2011). The small heat-shock proteins (sHsps) are a family of molecular chaperones
that are one of the cell’s first line of defence against protein aggregation. It is commonly
accepted that these chaperones work by trapping misfolded proteins to prevent their
aggregation; however, fundamental questions regarding the mechanisms by which sHsps
interact with misfolded and aggregated proteins remain unanswered. The dynamic and
polydisperse nature of sHsp oligomers has made studying these chaperones challenging
using traditional biochemical approaches. Single-molecule fluorescence (SMF)
techniques have emerged as a powerful tool to study dynamic chaperone systems
(Johnston, Marzano et al. 2018), as they enable rare and transient populations to be
identified that would usually be masked in ensemble measurements. Thus, the work
described in this thesis focuses on the development and employment of SMF techniques
in order to study the interaction between sHsps and misfolded client proteins.
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1.1 Protein folding, misfolding and aggregation
Most proteins need to fold into a specific three-dimensional native conformation in order
to carry out their biological function (Dobson 2003). The maintenance of this native state
is a balance between the protein preserving its most thermodynamically stable state,
whilst being flexible enough to enable it to be biologically active. Consequently, proteins
are most stable within their normal physiological environment. However, this dynamic
balance and changes in solution conditions (e.g. pH, temperature or redox state) can leave
proteins susceptible to unfolding, misfolding and aggregation (Dobson, Šali et al. 1998).
Furthermore, many proteins go through transitions from a folded to unfolded state during
their normal life cycle, for example as a result of the need to be transported across a
membrane (Ecroyd and Carver 2008). During the process of unfolding, proteins form
partially-folded intermediate states that typically expose higher levels of hydrophobicity
and unstructured polypeptide backbone to the solvent (Kim, Hipp et al. 2013). If these
partially-folded intermediate states persist, for example as a result of cellular stress or
missense mutations, they may undergo hydrophobically-driven self-association, causing
them to leave the folding pathway and enter an off-folding pathway. There are two distinct
off-folding pathways, one which leads to the formation of disordered (amorphous)
aggregates and the other which leads to the formation of highly ordered amyloid fibrils.
The off-folding pathway a particular protein intermediate enters is thought to be dictated
by the rate of unfolding, its amino acid sequence and the nature of the intermediate itself
(e.g. degree of exposed hydrophobicity) (Dobson 2003, Stefani and Dobson 2003,
Dobson 2004).
Partially-folded protein intermediates can rapidly self-associate in a disordered manner,
forming amorphous aggregates that, once they reach a critical size, become insoluble and
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precipitate out of solution (Stranks, Ecroyd et al. 2009). In contrast, if partially-folded
protein intermediates self-associate via a highly ordered process that involves β-sheet
interactions, they can form amyloid fibrils (Greenwald and Riek 2010). These amyloid
fibril aggregates have been shown to be the pathological hallmarks of a variety of
diseases, including Alzheimer’s and Parkinson’s disease (Greenwald and Riek 2010). It
is for this reason that they have been more closely studied relative to amorphous
aggregates. Nevertheless, both forms of aggregates can be toxic (Dobson 2003) and
therefore cells possess a network of molecular machinery that act to prevent the formation
of aggregates and aid in the maintenance of proteostasis.
1.2 The role of molecular chaperones in proteostasis
Molecular chaperones are a key component of the network of cellular machinery that
maintains the integrity of the proteome. In humans, there are 332 genes that encode for
chaperone and co-chaperone members, together making up the “chaperome” (Brehme,
Voisine et al. 2014). These proteins are involved in a broad range of cellular tasks,
including de novo folding, assemblage of protein complexes, membrane insertion and
translocation, protein refolding and prevention of protein misfolding (Kim, Hipp et al.
2013). Molecular chaperones can be defined simply as any protein that interacts with,
stabilizes, or aids in the folding and assemblage of another protein, enabling it to become
functionally active, but without being a component of its final conformation (Hartl,
Bracher et al. 2011, Kim, Hipp et al. 2013).
Members of the chaperone family participate in the proteostasis network by recognizing
and binding to hydrophobic regions of partially-folded proteins. Many chaperones are
expressed constitutively under normal physiological conditions (Locke, Noble et al.
1991) and play a role in the normal functioning of the cell and organism. However, when
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subjected to cellular stress, the expression levels of some chaperones, in particular the
heat-shock proteins (Hsps), are dramatically up-regulated. Newly translated Hsps are
deployed to prevent stress-associated misfolding and assist in refolding of non-native
proteins (Morimoto 1998).
1.3 The heat-shock protein (Hsp) family
The Hsps are highly conserved proteins that are classified into several classes according
to the molecular mass of their monomeric subunits - namely Hsp100, Hsp90, Hsp70,
Hsp60, Hsp40 and small Hsps (sHsps) (Sarkar, Singh et al. 2011). These families of
chaperones, in conjunction with co-chaperones, interact and work together as a complex,
multi-chaperone network to maintain proteins in a folded functional state (Fig. 1.1).
Traditionally, Hsps families have been referred to as either; (i) ATP-dependent “foldase”
chaperones, which utilize ATP to actively assist in refolding client proteins or (ii) ATPindependent “holdase” chaperones, which form complexes with client proteins to
stabilize them and prevent their aggregation, but do not actively refold them (Hartl,
Bracher et al. 2011). Traditionally, chaperone proteins such as the Hsp70 and Hsp60
members were considered ATP-dependent “foldases” since they are involved in the
folding of protein intermediates to their native state. However, more recently “foldase”
chaperones have also encompassed the so-called “unfoldase” action attributed to some
chaperones, including Hsp70 and Hsp100, which utilise energy from ATP hydrolysis to
unfold or disaggregate misfolded or aggregated proteins (Vos, Hageman et al. 2008). In
contrast, “holdase” chaperones, such as the small heat-shock proteins (sHsps), bind
partially-folded protein intermediates to prevent further misfolding and aggregation.
Misfolded proteins bound by sHsps can be refolded to their native conformation by ATPdependent chaperones, or shuttled for degradation (Morimoto 1998).
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Figure 1.1: STRING network analysis of the human heat shock protein (Hsp) interactome.
Proteins from the Hsp families; Hsp40, Hsp70, Hsp60, Hsp90, Hsp100 and sHsps along with
some of their co-chaperones were entered into the STRING database (http://string-db.org)
(Szklarczyk, Morris et al. 2017). Colour of nodes denotes the family of chaperones: Hsp40 (blue),
Hsp70 (orange), Hsp60 (pink), Hsp90 (green), Hsp100 (purple), sHsps (red) and co-chaperones
(yellow). The confidence level was set to 0.400 (medium) and the line thickness indicates the
level of data support (based on experiments, gene fusions and databses).
1.3.1 The small heat-shock proteins (sHsps)

The small heat-shock proteins are a family of ubiquitous intracellular ATP-independent
chaperones. There are 10 sHsp genes in the human genome (HspB1-10) (Kappé, Franck
et al. 2003); these show tissue specific expression with some being widely expressed (for
example Hsp27 [HspB1]), and others showing very restricted tissue expression (e.g.
HSPB9, which is primarily only expressed in the testis). Additionally, the regulation of
this expression also varies among sHsps, for example the expression of Hsp27 [HspB1],
αB-crystallin [HspB5], and Hsp22 [HspB8] is induced under cellular stress conditions,
such as heat shock and oxidative stress (Gober, Smith et al. 2003, Chowdary, Raman et
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al. 2004, Bartelt-Kirbach and Golenhofen 2014). In contrast, HspB3, αA-crystallin
(HspB4), Hsp20 (HspB6), HspB7, HspB9 and HspB10 are all constitutively expressed in
various tissues within the body (Klemenz, Fröhli et al. 1991, Suzuki, Sugiyama et al.
1998, Sugiyama, Suzuki et al. 2000, Taylor and Benjamin 2005).
Members of the sHsps are characterized by the presence of a conserved central αcrystallin domain (ACD), which is approximately 80 amino acids in length. Less
conserved N- and C- terminal regions flank the ACD and these are of variable length
between sHsp members (Kriehuber, Rattei et al. 2010). The original classification and
nomenclature of sHsps was based on the mass of their monomeric subunit, which is
between 15-40 kDa (Gething 1997). This nomenclature is still widely used today although
there have been efforts to standardize the nomenclature based on gene names (i.e. HSPB110) to provide consistency between species (Kampinga, Hageman et al. 2009). These
chaperones are classified as small Hsps because their monomeric masses are lower than
the other Hsps; however, their name is somewhat of a misnomer since some of the sHsps
form large, dynamic heterogeneous (polydisperse) oligomers of up to 1 MDa
(McHaourab, Godar et al. 2009). The structural polydispersity of some sHsp oligomers is
highlighted by αB-crystallin (αBc), which forms large oligomers in solution ranging in
mass between 420-980 kDa, which corresponds to between 24 and 33 monomers, which
are in equilibrium with smaller oligomers (Aquilina, Benesch et al. 2003).
sHsps evolved early in the history of life, becoming the most ubiquitous family of
molecular chaperones present in all kingdoms of life from archaea and bacteria to
eukaryotes. Whilst most sHsps from prokaryotes (Kim, Kim et al. 1998), plant (Waters,
Lee et al. 1996) and yeast (Haslbeck, Walke et al. 1999) are monodisperse oligomers,
mammalian sHsps primarily exists as polydisperse oligomers that are thought to form
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from dimeric building blocks (Haslbeck, Franzmann et al. 2005). Crystal structures
solved of the ACD of human αB-crystallin (HSPB5) (Hochberg, Ecroyd et al. 2014),
αA-crystallin (HSPB4) (Mornon, Halaby et al. 1998), Hsp20 (HSPB6) and Hsp27
(HspB1) (Bagneris, Bateman et al. 2009) have shown that the central ACD forms a βstrand rich immunoglobulin-like fold that plays an important role in the formation of
dimers (Fig. 1.2). This occurs via inter-subunit contacts between the β6-β7 strands of each
monomer, forming an anti-parallel interface (Aquilina, Benesch et al. 2003, Bagneris,
Bateman et al. 2009, Jehle, Rajagopal et al. 2010, Laganowsky, Benesch et al. 2010).
Since these ACDs alone are only able to form monomers or dimers (in equilibrium) in
solution, this work indicates that the N- and C-terminal domains of the protein are
required to form large oligomers (Hochberg, Ecroyd et al. 2014).

Figure 1.2: Crystal structures of α-crystallin domain (ACD) from Hsp27 and αBc. The ACD
of Hsp27 (4MJH) and αBc (4M5T) both form a β-strand rich immunoglobulin-like fold that
allows a dimer to form via intersubunit contacts. The interface between each subunit within the
dimer is shown as a dashed line. Hsp27 has an intermolecular disulphide bond within the dimer
interface at Cys137 (yellow spheres). Crystal structures modified from Hochberg, Ecroyd et al.
(2014).
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The C-terminal domain of sHsps is a charged and highly flexible region that contains a
characteristic three-residue IX(I/V) motif (Carver, Grosas et al. 2017), which is reported
to act as a flexible “cross-linker” between dimers, allowing the assembly of higher-order
oligomers (Delbecq, Jehle et al. 2012). Similarly, the N-terminal domain is thought to
interact with either the ACD or N-terminal domain of other subunits, and therefore be
involved in the initial stages of oligomerisation (Carver, Grosas et al. 2017). In almost all
crystal structures of sHsps, the N-terminal domain is either completely missing or only
partially resolved suggesting that this region is highly flexible and intrinsically disordered
in nature (Jiao, Qian et al. 2005). In some mammalian sHsps, including Hsp27, αA- and
αB-crystallin, Hsp20 and Hsp22, the N-terminal domain also contains serine residues that
are phosphorylated by specific kinases in vivo in response to cellular stress (Ito, Okamoto
et al. 1997, Kato, Ito et al. 1998, Arrigo and Gibert 2013, Bakthisaran, Tangirala et al.
2015). Phosphorylation of these residues have been reported to affect the polydispersity
and chaperone activity of these sHsps (Rogalla, Ehrnsperger et al. 1999, Aquilina,
Benesch et al. 2004, McDonald, Bortolus et al. 2012, Jovcevski, Kelly et al. 2015).
1.3.1.1 The dynamic nature of mammalian sHsps
The oligomers formed by the most widely expressed mammalian sHsps are dynamic in
that they undergo rapid subunit exchange not only with other oligomers of the same type
(homo-oligomerisation) but with other sHsps (hetero-oligomerisation) (Bova, Ding et al.
1997). Hetero-oligomerisation of mammalian sHsps most likely predominates in vivo
since, in most tissues, multiple sHsp are expressed at the same time. For example, in the
eye lens αA-crystallin and αB-crystallin form hetero-oligomers known as α-crystallin,
which is a well-studied form of these proteins. There is conflicting evidence on the effect
subunit exchange has on sHsp chaperone activity - some studies have reported an increase
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in the rate of subunit exchange results in higher chaperone-activity for α-crystallins
(Bova, Ding et al. 1997), whilst work using a mutant form of αA-crystallin (αAcrystallin1-168) that had a significantly decreased rate of subunit exchange, found it had
comparable chaperone activity as wild type αA-crystallin (Aquilina, Benesch et al. 2005).
Similarly, glutaraldehyde cross-linked bovine eye lens α-crystallin, which is unable to
undergo subunit exchange, was reported to have the same chaperone activity as the noncross-linked form of the protein (Augusteyn 2004, Chakraborty, Chatila et al. 2010).
Furthermore, ACDs of αB-crystallin that were locked into a dimeric form via a disulfidebond (and therefore unable to undergo sub-unit exchange), were as active as ACDs
capable of subunit exchange demonstrating that subunit exchange dynamics are not a
prerequisite for chaperone function of the ACD (Hochberg and Benesch 2014). Together,
these findings suggest that chaperone activity is independent of subunit exchange.
However, it is important to note that these studies have employed a variety of different
techniques, sHsps and model client proteins and hence the observed differences in the
substrates-sHsp interactions should also be considered. Thus, further studies are required
in this area in order to provide definitive evidence that this is the case.
1.3.1.2 The mechanism by which mammalian sHsps act as molecular chaperones

The mammalian sHsps have been shown to interact with and suppress the aggregation of
a wide range of model proteins in vitro (Horwitz 1992, Jakob, Gaestel et al. 1993, Merck,
Groenen et al. 1993). Although these simple solution-based assays do not capture all
aspects of sHsp in vivo function, the ability of sHsps to interact with a range of model
client proteins in vitro and the capacity of sHsps expression to affect a wide range of
cellular functions suggest that they have multiple cellular clients (Arrigo and Gibert
2013). Specifically, the interactions between Hsp27 and its large number of different
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client proteins have been extensively described in the literature (Cuesta, Laroia et al.
2000, Mounier and Arrigo 2002, Al-Madhoun, Chen et al. 2007, Lee and Lee 2010,
Gibert, Eckel et al. 2012).
Despite the increasing number of studies into the interaction between sHsps and
misfolding proteins, the precise region(s) that mediates their binding to client proteins
remains to be identified. For example, a large range of regions of Hsp27, basically
covering the entire protein sequence, have been suggested as being responsible for client
binding (Smulders, Carver et al. 1996, Levene, Korlach et al. 2003, Vierling 2005,
Bhattacharyya, Padmanabha Udupa et al. 2006, Ghosh, Shenoy Jr et al. 2007). Therefore,
it is likely that sHsps do not have a universal binding site for client proteins; rather, sHsps
exploit multiple hydrophobic sites on their surface in order to interact with a diverse range
of client proteins.
A recent consensus model of mammalian sHsp chaperone action proposes that
interactions with client proteins can occur through two distinct mechanisms (Fig. 1.3),
either; (i) weak transient interactions, which occur with relatively stable protein
intermediates and enables proteins to re-enter the folding pathway and therefore refold
into their native conformation, or (ii) high affinity stable interactions, thereby forming
high-molecular mass complexes with destabilised protein intermediates at risk of
hydrophobic collapse and aggregation (Kulig and Ecroyd 2012, Treweek, Meehan et al.
2015). Both types of interactions can occur with the same client protein, as demonstrated
by the ability of αB-crystallin and αA-crystallin to undergo both transient and stable
interactions with the client proteins citrate synthase (Rajaraman, Raman et al. 2001) or αlactalbumin (Lindner, Kapur et al. 1997, Kulig and Ecroyd 2012). The factor that appears
to govern the mode of binding is the extent of exposed hydrophobicity on the partially-
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folded state of the client protein. Furthermore, it has been shown that sHsps can also
stably interact with misfolded species that form during the later stages of aggregation,
including directly with amyloid fibrils (Ecroyd and Carver 2009, Binger, Ecroyd et al.
2013, Cox, Whiten et al. 2018, Selig, Zlatic et al. 2020). Thus, it has been postulated that
under normal cellular conditions sHsps may predominantly mediate weak transient
interactions with client proteins, since these conditions do not promote protein
destabilisation. In contrast, during periods of cellular stress, sHsps may form stable
complexes with client proteins, since this is a time when there is an increase in
destabilised client proteins and the formation of protein aggregates.

Figure 1.3: A consensus model for the chaperone mechanism of mammalian sHsps. The
sHsps are in a dynamic equilibrium between large and small oligomers. They are able to form
weak interactions with relatively stable protein intermediates that have left the protein-folding
pathway, enabling them to re-enter the folding pathway and therefore refold to their native
conformation. If a partially-folded intermediate leaves the folding pathway and is in a destabilized
state, it can be recognized by dissociated sHsps, which bind to it and therefore stabilize the
protein. This high-affinity interaction results in the formation of a sHsp–client complex that is
able to re-associate with large sHsp oligomers to form a high-molecular-mass complex. Bound
client proteins can then be either shuttled for degradation or held until they can be refolded back
to their native conformation via the action of “foldase” chaperones. Diagram adapted from
Treweek, Meehan et al. (2015).
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1.3.1.3 sHsps interact with both amorphous and fibril forming aggregation-prone
proteins
The chaperone activity of sHsps was first demonstrated by the in vitro suppression of the
heat-induced amorphous aggregation of beta- and gamma-crystallins by a-crystallin
(Horwitz 1992). Since this time, the chaperone activity of sHsps has been investigated
via assessing their ability to prevent the aggregation of a wide range of client proteins that
form both amorphous and fibrillar aggregates in vitro (Jakob, Gaestel et al. 1993, Merck,
Groenen et al. 1993, Das, Petrash et al. 1996, Lindner, Kapur et al. 1997, Veinger,
Diamant et al. 1998, Haslbeck, Walke et al. 1999, Lindner, Treweek et al. 2001, Reddy,
Narayanan et al. 2002, Robertson, Headey et al. 2010, Kulig and Ecroyd 2012, Cox, Selig
et al. 2016). Consequently, it has become clear that the type of interaction and/or complex
formed between sHsps and their clients varies considerably and is dependent on the sHsp,
the client and the experimental conditions. For example, it has been shown via size
exclusion chromatography and NMR that αB-crystallin and Hsp27 interact weakly and
transiently with amyloid fibrillar forming clients Aβ, tau, and α-synuclein (Mainz,
Peschek et al. 2015, Cox, Selig et al. 2016, Baughman, Clouser et al. 2018). In contrast,
both these sHsps bind tightly to mature α-syn fibrils, but not prefibrillar species (Cox,
Whiten et al. 2018, Selig, Zlatic et al. 2020). Similarly, these and other sHsps have been
shown to form stable high-molecular mass complexes with a wide range of amorphously
aggregating clients including citrate synthase, α-glucosidase, luciferase, rhodanese,
alcohol dehydrogenase and lysozyme (Ehrnsperger, Gräber et al. 1997, Lee, Roseman et
al. 1997, Haslbeck, Walke et al. 1999, Lee and Vierling 2000, Stromer, Ehrnsperger et al.
2003, Friedrich, Giese et al. 2004, Mainz, Peschek et al. 2015). Thus, whilst it has been
generalised that sHsps form high affinity interactions with amorphous misfolded clients
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and weak or transient interactions with amyloid forming clients (Kulig and Ecroyd 2012,
Treweek, Meehan et al. 2015), there are some circumstances, for example in the case of
α-synuclein, whereby both types of interactions can occur. Furthermore, very little is
known about the initial steps in the interaction between sHsps and aggregation-prone
clients that lead to the formation of the stable high molecular mass sHsp-client protein
complexes. Thus, it remains unclear as to how sHsps capture misfolded proteins to form
these complexes.

1.4 Chloride intracellular channel 1 (CLIC1) protein – a potential model
client protein for the study of sHsp chaperone function
Most of our current understanding of the chaperone action of sHsps has been obtained via
in vitro studies examining the interaction between sHsps and model client proteins. In
these studies, client proteins are subjected to conditions that promote unfolding and
aggregation, for example heat or reduction, in order to assess the ability of sHsps to inhibit
this process. Thus, model client proteins provide an experimentally tractable system to
examine sHsp chaperone function.
Chloride intracellular channel (CLIC) proteins are a highly conserved family of ion
channels, with six paralogues (CLIC1-CLIC6) in mammals (Littler, Harrop et al. 2010).
The CLIC proteins are unusual that these proteins can adopt both a soluble and integral
membrane forms (Jiang, Phang et al. 2014). Although the precise molecular, cellular and
physiological functions of CLIC proteins is still unknown, they are thought to play a role
in cell cycle regulation, cell proliferation, and differentiation (Wang, Zhang et al. 2012).
CLIC proteins are characterised by the presence of a ~240 amino acid core structure that
is closely related to the well characterised glutathione-s-transferase (GST)-fold (Harrop,
DeMaere et al. 2001, Littler, Assaad et al. 2005, Littler, Harrop et al. 2010). Most CLIC
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proteins contain a conserved cysteine residue within this GST-like fold which is
commonly referred to as the active site cysteine (Cys24 in human CLIC1) in addition to
two other conserved cysteine residues outside of this region (Cys178 and Cys223 in
human CLIC1) (Fig. 1.4). Studies examining CLIC1 under oxidative conditions suggest
that the active site cysteine (Cys24) is important in the redox regulation of the channel
(Singh and Ashley 2006) and under these conditions CLIC1 undergoes major structural
rearrangements of the N-terminal domain with the formation of an intramolecular
disulphide bond Cys24 and another cysteine residue (Cys59). This results conformational
switch results in the exposure of a large hydrophobic surface within the monomer which
allows the formation of a CLIC1 dimer (Goodchild, Howell et al. 2010). This dimer
formation is unique to CLIC1 and the exact structural and physiological relevance of this
dimerised state and its relationship to CLIC1 ion channel form remain unclear.

Figure 1.4: Crystal structures of human CLIC1. The soluble form of CLIC1 (1K0O) with the
six cysteines (C24, 59, 89, 178, 191, 223) labelled. Crystal structure modified from Harrop,
DeMaere et al. (2001).

15

Chapter 1: Introduction

CLIC1 is the most extensively studied paralogue and has several attributes that suggest it
could be employed as novel model client protein for the study of sHsp chaperone function.
First, the presence of the GST-like fold within the CLIC proteins is of interest as cytosolic
plant sHsps have been shown to bind to GST proteins in vivo (McLoughlin, Basha et al.
2016) and expression of the Hsp27 protects detoxifying enzymes, including GSTs, from
inactivation in cells (Préville, Salvemini et al. 1999). Second, the structure of CLIC1 has
been extensively characterised and destabilisation of CLIC1, whether through a change
in pH or temperature, results in the formation of a folding-intermediate with a high-degree
of hydrophobicity (Fanucchi, Adamson et al. 2008), causing it to be decidedly
aggregation-prone. This is typical of the client proteins of sHsps that form during periods
of cellular stress, whereby sHsps bind to these destabilised forms to prevent their
aggregation (Haslbeck and Vierling 2015). Finally, the aggregation of GSTs has been
shown to be inhibited by clusterin, an ATP-independent extra-cellular chaperone with
holdase activity similar to sHsps (Humphreys, Carver et al. 1999, Wyatt, Yerbury et al.
2009). Thus, taken together, these characteristics suggest CLIC1 could be an ideal
candidate to be used as a model client protein for the study of sHsp chaperone function.
1.5 α-Synuclein – a disease-related amyloid fibril forming client protein for the
study of sHsp chaperone function
α-Synuclein (a-syn) is a 140 amino acid intrinsically disordered protein associated with
the regulation of synaptic vesicles (Davidson, Jonas et al. 1998, Jenco, Rawlingson et al.
1998, Burré 2015). It is also the primary structural component of protein inclusions
known as Lewy bodies, which form in neuronal cells and are the histological hallmark of
many neurodegenerative diseases including Parkinson’s Disease and dementia with Lewy
Bodies (Spillantini, Schmidt et al. 1997, MartÌ, Tolosa et al. 2003, Wakabayashi, Tanji et
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al. 2007). Point mutations and whole gene triplication of the SNCA gene encoding α-syn
in humans have been shown to be associated with familial forms of early onset
Parkinson’s Disease (Flagmeier, Meisl et al. 2016, Konno, Ross et al. 2016). The
identification of large amounts of aggregated α-syn within Lewy bodies (Spillantini,
Schmidt et al. 1997) has led to a large amount of research aimed at understanding the
mechanisms and kinetics by which α-syn aggregates to form amyloid fibrils (for relevant
recent review see Rocha, De Miranda et al. (2018)).
Analysis of the in vitro kinetics of α-syn fibril formation suggests that it is a highly
complex process that depends on both intrinsic features of the protein and environmental
conditions. It is generally accepted that under normal physiological conditions, α-syn
exists as an unstructured monomeric protein in solution, which is able to interact with
lipids resulting in the N-terminal region adopting an α-helical structure (Jo, McLaurin et
al. 2000, De Franceschi, Frare et al. 2009, Theillet, Binolfi et al. 2016). However, α-syn
monomers can adopt an aggregation-prone β-sheet rich structure, which can lead to them
associating together to form soluble oligomeric prefibrillar nuclei (Chiti and Dobson
2006, Trovato, Chiti et al. 2006). This nucleation phase is the rate-limiting step of the
aggregation process as a sufficient number of elongation-competent nuclei are required
to form before their elongation into proto-fibrils and eventually mature fibrils can occur
(Wood, Wypych et al. 1999, Bhak, Lee et al. 2009, Li, Lutz et al. 2009). Mechanistically,
the formation of an amyloid fibril involves the addition of monomers to elongationcompetent nuclei. This results in the formation of proto-fibrils which contain a ‘core’
region comprised of five parallel, in-register β-sheets. Through β-sheet-mediated selfassociation with the same region on other proto-filaments, mature fibrils are formed (Fig.
1.5) (Vilar, Chou et al. 2008, Ingelsson 2016).

17

Chapter 1: Introduction

Figure 1.5: Fibrillar aggregation of α-syn. Aggregation-prone α-syn monomers associate
together to form prefibrillar nuclei. This is the rate-limiting step of the aggregation process. This
is followed by the elongation of these nuclei into mature fibrils. These fibrils may undergo
fragmentation to generate additional prefibrillar nuclei, thereby allowing further aggregation of
prefibrillar nuclei into mature fibrils (secondary nucleation). Figure adapted from Cox, Carver
et al. (2014).

It is commonly thought that the soluble prefibrillar oligomeric species (including protofibrils) are the most cytotoxic entity formed during the assembly of mature fibrils (Glabe
2008). The increased cytotoxicity of these prefibrillar species is believed to be due to
them having higher relative amounts of exposed hydrophobicity, which becomes buried
in mature fibrils (Guerrero-Ferreira, Taylor et al. 2018). However, mature fibrils can also
be a major source of these smaller cytotoxic species as a result of their fragmentation and
secondary nucleation events that can occur on the fibril surface (Xue, Hellewell et al.
2009).
Addition of fragmented preformed fibrils (commonly referred to as ‘seeds’) to
monomeric α-syn in solution, bypasses the requirement for nucleation events and thus the
rate-limiting step in the fibril forming process. As such, fibril elongation can be studied
independently of fibril nucleation. Importantly, purified α-syn elongated in vitro via both
the primary (‘non-seeded’) and secondary (‘seeded’) nucleation methods under
conditions of physiological pH and temperature, results in the assembly of fibrils which
resemble those found in the brains from patients with Parkinson’s disease (Rochet,
Conway et al. 2000, Serpell, Berriman et al. 2000).
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There are many mutations within α-syn and environmental factors that have been shown
to affect its aggregation kinetics (Conway, Harper et al. 2000, Bruinsma, Bruggink et al.
2011). For example, the presence of lipids, membranes, metals, pesticides and conditions
of low pH or molecular crowding have been found to increase the rate of α-syn
aggregation by promoting the formation of high concentrations of prefibrillar species
(Shtilerman, Ding et al. 2002, Uversky, Li et al. 2002, Munishkina, Cooper et al. 2004).
Conversely, the presence of non-aggregating proteins β- and γ-synuclein, as well as
molecular chaperones, such as sHsps, decrease the rate of α-syn aggregation (Uversky,
Li et al. 2002, Chaari, Hoarau-Véchot et al. 2013, Cox, Selig et al. 2016, Selig, Zlatic et
al. 2020).
Whilst a-syn is the main component of Lewy body inclusions, many other proteins have
been identified within these protein deposits, including sHsps (Leverenz, Umar et al.
2007, Wakabayashi, Tanji et al. 2007). The presence of sHsps in Lewy bodies suggests
that sHsps and a-syn interact in the cell under conditions that promote the aggregation of
a-syn. In vitro studies examining the interaction between mammalian sHsps and a-syn
have demonstrated that these chaperones interact with multiple species of a-syn formed
along the aggregation pathway, including the mature amyloid fibrils (Cox, Selig et al.
2016, Cox, Whiten et al. 2018). For example, the sHsps aBc and Hsp27 have been shown
to interact transiently with monomeric a-syn and form stable complexes with mature asyn fibrils (Cox, Selig et al. 2016, Cox, Whiten et al. 2018, Selig, Zlatic et al. 2020). The
multi-faceted nature of these interactions may allow sHsps to not only inhibit the first
steps in the aggregation process, but also protect cells from the toxicity associated with
its products. However, many questions still remain regarding the precise molecular
mechanisms that underpin the interactions between sHsps and a-syn.
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1.6 The Hsp70/Hsp40 refolding system
The Hsp70 proteins (also known as the HSPAs) are a highly conserved family of
molecular chaperones that are present in all domains of life (Trent 1996, Ohtsuka and
Hata 2000, Vorob'eva 2004). Structurally Hsp70s consist of an N-terminal region (~43
kDa) which contains a Nucleotide Binding Domain (NBD), connected via a highly
conserved linker to a C-terminal domain (~27 kDa), also known as the substrate binding
domain (SBD) (Flaherty, DeLuca-Flaherty et al. 1990). Hsp70s have a wide variety of
cellular roles under normal physiological conditions, including acting as catalysts for the
proper folding of newly expressed proteins (Bukau, Weissman et al. 2006). Under stress
conditions, Hsp70 proteins are deployed to rescue partially denatured, misfolded and
aggregated protein. Through ATP hydrolysis, Hsp70 unfolds misfolded or aggregated
client proteins enabling them to fold into their native conformation (Sfatos, Gutin et al.
1996). Hsp70 chaperone action is assisted by co-chaperones known as the Hsp40s (also
referred to as DNAJs, or simply J-proteins, due to the presence of a conserved J-domain)
and nucleotide exchange factors (NEFs) (Craig, Huang et al. 2006, Tzankov, Wong et al.
2008).
1.6.1 The mechanism by which Hsp70/Hsp40 system folds proteins
The homologue of Hsp70 present in archaea and bacteria, known as DnaK, is one of the
most studied molecular chaperones. As Hsp70s are highly conserved, insight into the
molecular mechanisms by which Hsp70s refold client proteins is largely based on
pioneering work with bacterial DnaK. The most widely accepted model of Hsp70
chaperone function is that the co-chaperone DnaJ (the bacterial homologue of Hsp40)
recognises, binds and escorts misfolded proteins to the DnaK protein (Bukau and
Horwich 1998, Han and Christen 2003). The lid in the SBD of DnaK adopts an open
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conformation in the ATP-bound state; therefore, the SBD domain is able to transiently
interact with DnaJ allowing for the transfer of the protein substrate (Fig. 1.6). The ability
of DnaK to bind the substrate at the SBD has been previously demonstrated via EMstructural analysis (Moreno-del Álamo, Sánchez-Gorostiaga et al. 2010). Hydrolysis of
ATP results in a conformational change in DnaK whereby the lid closes which facilitates
high affinity binding to the substrate, releasing DnaJ (Gamer, Multhaup et al. 1996). Due
to the affinity of DnaK for ADP being approximately six-fold higher than for ATP, the
nucleotide exchange factor GrpE binds to the DnaK-ADP-substrate complex catalysing
the exchange of ADP for ATP (Liberek, Marszalek et al. 1991). This ADP-ATP exchange
results in the opening of the DnaK lid and release of the substrate, either in its natively
folded state or a non-native (misfolded) conformation. Non-native substrates can rebind
to DnaK for another cycle of refolding, or be engaged by other chaperones, both of which
act to prevent aggregation (Sharma, De Los Rios et al. 2010). Although this is the
textbook mechanism for refolding of client proteins by Hsp70 proteins, there is a lack of
evidence that mammalian Hsp70s act through the same mechanism as bacterial DnaK.
Since mammalian NEFSs are structurally different to those found in bacteria (Brodsky
and Bracher 2007) and NMR studies have shown that mammalian Hsp70 proteins have
different ADP-bound structures compared to bacterial DnaK (Jiang, Maes et al. 2007),
there may be differences in the molecular mechanism by which mammalian Hsp70s
interact with clients. Furthermore, the vast majority of the studies that have examined the
chaperone action of the Hsp70/Hsp40 system have not considered clients that are already
bound by holdase chaperones. Thus, it remains unclear how the holdase and foldase
chaperones work together to inhibit protein aggregation and refold clients.
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Figure 1.6: The Hsp70/Hsp40 system reaction cycle. (1) Hsp40-mediated delivery or Hsp70mediated capture of client proteins. (2) Hsp40-mediated hydrolysis of Hsp70-ATP yields the
Hsp70-ADP high client-affinity state. (3) NEF promotes release of ADP and the client, which can
either refold to native state or be recaptured by Hsp70. Rebinding of ATP returns Hsp70 to the
“open” conformation for the start of the next reaction cycle.

1.6.2 The Hsp70/Hsp40 chaperones cooperate with sHsps to promote refolding of
misfolded proteins
It is rare that misfolded client proteins captured by sHsps are able to undergo spontaneous
release and refolding. Therefore, refolding and reactivation of sHsp-bound clients is
achieved by ATP-dependent chaperones such the Hsp70/Hsp40 refolding system. This
functional cooperation is demonstrated by the observation that in vivo, the refolding of
misfolded proteins from sHsp-client protein complexes occurs with higher efficiency and
faster kinetics compared to misfolded clients that are not captured by sHsps (Giese and
Vierling 2002, Mogk, Deuerling et al. 2003, Ungelenk, Moayed et al. 2016). Furthermore,
the ability of sHsps to hold aggregation-prone proteins in a soluble state amenable to
refolding by ATP-dependent chaperones has been demonstrated for a wide range of client
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proteins and sHsps in vitro. For example, the model client proteins luciferase and citrate
synthase, when bound to αB-crystallin, can be refolded back to an enzymatically-active
state by either purified recombinant Hsp70/Hsp40 or Hsp60 (Wang and Spector 2000).
Unfolded intermediates of citrate synthase bound by Hsp25 (the mouse ortholog of human
Hsp27) can be refolded by the Hsp70/Hsp40 chaperone machinery (Ehrnsperger, Gräber
et al. 1997). In a similar manner, aggregation-prone malate dehydrogenase bound to αBcrystallin can be refolded to an active state by the Hsp70/Hsp40 system (Peschek, Braun
et al. 2013). This ability has also been shown to occur in the prokaryotic chaperone
system, demonstrated by the ability of the Escherichia coli (E. coli) sHsp IbpB, to transfer
bound malate dehydrogenase and lactate dehydrogenase to the DnaK-DnaJ system for
subsequent reactivation (Veinger, Diamant et al. 1998). Furthermore, a study on
cooperative functions of chaperones in Saccharomyces cerevisiae (S. cerevisiae) showed
that, in the cytosol, proteins in complex with Hsp25 could be transferred to the Hsp104
and Hsp70 systems (Haslbeck, Miess et al. 2005). Therefore, based on these observations
it is proposed that under cellular stress conditions sHsps bind to misfolded proteins
preventing their irreversible aggregation. The aggregation-prone protein in the sHspclient complexes are held in a refolding-competent state. Upon restoration of
physiological conditions, the sHsp-bound proteins can be refolded by the Hsp70/Hsp40
chaperones. However, the precise molecular details of how proteins are transferred from
holdases to foldases remains to be elucidated.
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1.7 Single-molecule techniques
1.7.1 The importance of single-molecule approaches for the study of Hsp chaperone
activity
Traditionally, the structure and chaperone function of Hsps has been studied using
ensemble-based techniques, which mask rare and transient species that may be present as
these techniques average across billions of asynchronous molecules. The established
model of protein folding, whereby an ensemble of dynamic non-native structures is
guided toward the most thermodynamically stable state, inherently implies that transient
populations of rare folding intermediates are present during folding and there is
significant heterogeneity in these species (Dill and Chan 1997, Onuchic, and et al. 1997).
The complexity of this system is further enhanced by the involvement of chaperones such
as the Hsps, due to the multiplicity of potential chaperone/co-chaperone interactions
(Mashaghi, Kramer et al. 2014). Consequently, the ability to decipher the molecular
mechanisms by which chaperones assist protein folding and prevent aggregation is
limited using ensemble measurement techniques. Recently, there has been significant
interest in employing single-molecule approaches to study the mechanisms of chaperone
function as they eliminate ensemble averaging through direct observation of a singleprotein in real time, allowing detection of kinetic features and states that are normally
hidden (van Oijen 2008). Moreover, single-molecule experiments do not rely on the
synchronization of an ensemble of molecules, meaning that rare, transient and
intermediate events of a single molecule can be viewed and measured. For instance, by
fluorescently labelling the light chain of myosin V and correlating the nanometre
movements of fluorescence, the length of the transient intermediate “steps” has been
determined and has confirmed the hand-over-hand mechanism utilized by myosin V to
travel along actin filaments (Yildiz, Forkey et al. 2003). Furthermore, single-molecule
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experiments are especially amenable for characterizing the association and dissociation
kinetics of bimolecular reactions (van Oijen 2010), to the degree that the effect an
individual parameter (e.g., on/ off rates) has on the overall kinetics of a reaction can be
determined (Wang, Guo et al. 2009).
Single-molecule techniques are particularly powerful for the study of chaperones due to
their capacity to follow the dynamic cycling between high and low client-affinity states
in response to the presence of co-chaperones, nucleotides, temperature, client
concentration and client conformation. To date, a combination of fluorescence and force
spectroscopy techniques have been developed and applied to study protein folding and
Hsp function at single-molecule resolution. Fluorescence-based experiments in particular
are gaining popularity, as they are more amenable for the direct observation of chaperoneclient interactions, changes in conformation as a client folds, and measuring the kinetic
rates and binding affinities of chaperones to clients.
1.7.2 Single-molecule fluorescence techniques
Single-molecule fluorescence (SMF) techniques rely on the use of fluorophores to allow
the visualisation of single molecules in solution. This is normally achieved through the
use of fluorescent proteins (such as green fluorescent protein, GFP) or chemical labelling
of specific amino acids with synthetic fluorophores. The addition of these fluorescent tags
to proteins requires highly specific labelling techniques with many SMF studies attaching
fluorophores to the N- and/or C-terminal of proteins in order to reduce the chances of the
label having an effect on the overall activity of the protein (Dillingham and Wallace
2008). Visualisation of these labelled proteins is achieved via the excitation of the
fluorophore with light of a particular wavelength and detection of photons emitted by the
fluorophore at a longer wavelength (Joo, Balci et al. 2008).
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An essential basis for visualising individual fluorescently labelled proteins at the singlemolecule level is the dilution of molecules to low enough concentrations such that only
one molecule is present per light diffraction limited volume (van Oijen 2010). This has
meant that SMF studies are limited to examining fluorescent proteins at low nanometer
to picometer concentrations in order to keep the background fluorescence sufficiently low
for the observation of individual molecules. In addition to the use of low concentrations,
the most common method of reducing background fluorescence is to reduce the excitation
volume of a sample. One of the most commonly used SMF techniques that has been
developed to lower this excitation volume is the wide-field microscopy method total
internal reflection fluorescence (TIRF) microscopy (Schneckenburger 2005). Total
internal reflection occurs when excitation light is focussed on the surface of a slide such
that the angle of light is greater than the critical angle θ. The critical angle is dependent
on the refractive indices of the mediums at which the incidence occurs (Axelrod 2001).
Even though the incidence beam is totally internally reflected at the glass slide, an
electromagnetic field, known as an evanescent field is generated (Fig. 1.7). This reduces
the excitation volume to 100-150 nm and allows for only a small number of fluorophores
present within this region to be excited, thereby resulting in lower background
fluorescence (Axelrod 2001). This technique can therefore be used to examine spatial and
kinetic information about individual molecules without needing to synchronise all
molecules in a bulk solution (Chen, Groote et al. 2009). Thus, TIRF microscopy and other
SMF techniques have many advantages over traditional bulk analysis approaches, and
therefore are an ideal method for studying how chaperones interact with aggregationprone proteins.
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Figure 1.7: Schematic representation of a total internal reflection fluorescence (TIRF)
microscope. The light travelling through the objective is totally internally reflected on the glass
slide generating an evanescent field which is limited to a region close to the glass slide (100-150
nm). This reduced excitation volume allows for the excitation of only a small number of
fluorophores present within this region to be excited.

1.7.3 Single-molecule fluorescence studies of Hsp function
Chaperones were one of the first systems investigated with single molecule methods and,
over the past 20 years, the number of SMF studies examining Hsp function has rapidly
increased (reviewed in Johnston, Marzano et al. (2018)). These studies have employed
SMF techniques to probe questions regarding chaperone dynamics, function and how
these influence the conformation of client proteins. One such technique that is commonly
used in conjunction with TIRF microscopy, is Förster resonance energy transfer (FRET).
Briefly, this approach involves non-radiative transfer of energy from an excited donor
fluorophore to an acceptor dye. The rate of this energy transfer is highly dependent on the
distance between the acceptor and donor fluorophores and therefore is sensitive to
conformation changes within a protein or between binding partners (Roy, Hohng et al.
2008). The employment of single-molecule Förster resonance energy transfer (smFRET)
and TIRF microscopy has provided important information regarding how the various
classes of ATP-dependent Hsps work at a molecular level, as well as the effects their
binding has on the conformation of client proteins. For example, these techniques have
been employed to examine the structural heterogeneity of non-native rhodanese in the
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presence of the bacterial Hsp70/Hsp40 (DnaK/DnaJ) protein refolding system, revealing
that the presence of each component of this system significantly alters the structural
conformation of the denatured client protein (Kellner, Hofmann et al. 2014).
Additionally, these techniques have facilitated the measurement of binding kinetics and
stoichiometries of complexes formed in vitro between Hsp70 and the Alzheimer’s
disease-associated tau protein (Kundel, De et al. 2018). Recently, a study which employed
smFRET to examine the folding of the client firefly luciferase by the bacterial Hsp70
system (DnaK, DnaJ and GrpE) showed that the refolding machinery was able to rescue
the misfolded client and accelerate its refolding up to ~20-fold faster compared to
spontaneous folding (Imamoglu, Balchin et al. 2020).
The chaperone activity of the bacterial homologue of Hsp60 system (GroEL/GroES
chaperonin), which mediates protein folding in the cytosol, has also been extensively
studied using SMF techniques (Johnston, Marzano et al. 2018). More specifically, these
techniques have allowed the stoichiometry and dynamics of the barrel-shaped chaperonin
GroEL and its binding to substrate proteins to be elucidated (Sharma, Chakraborty et al.
2008). Important information regarding how multi-chaperone systems cooperate to rescue
misfolded clients has also been revealed using SMF techniques. A previous study
employed TIRF microscopy to examine the effect the yeast Hsp70/Hsp40 and Hsp104
systems have on aggregated target proteins (Okuda, Niwa et al. 2015). This technique
enabled the visualization of the association-dissociation dynamics of Hsp104 on
immobilized aggregates and the effect the Hsp70/Hsp40 system had on the binding
kinetics of this interaction at a single molecule level.
To date, SMF techniques have predominantly been used to examine the chaperone
activity of ATP-dependent Hsps - very few studies have examined the chaperone action
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of the ATP-independent sHsps using SMF methods. It is surprising that these chaperones
have received such little attention given the heterogenous, dynamic and polydisperse
nature of sHsps, which makes them particularly amenable to study using SMF techniques.
While forces spectroscopy techniques have been used previously to structurally
characterise and investigate the function of sHsps (Bertz, Chen et al. 2010, Ungelenk,
Moayed et al. 2016), only one study has employed a SMF technique to examine the
chaperone activity of Hsp27. Cox, Whiten et al. (2018) employed TIRF microscopy to
directly visualise the binding of Hsp27 to α-syn fibrils. By exploiting the unique spectral
characteristics of the fluorescent dye Nile red, this study demonstrated, for the first time,
that the binding of Hsp27 to mature fibrils reduce hydrophobicity along the surface of the
fibrils, thereby stabilising and inhibiting further elongation of α-syn. This work is an
example of how SMF imaging-based methods can be effectively used to directly visualise
the interaction between sHsps and their clients, thereby uncovering mechanistic details
that are unattainable using traditional ensemble-based techniques.
1.8 Summary and aims
The significant heterogeneity and dynamic nature of sHsps have limited the study of their
chaperone function using ensemble-based methods. However, over the past few decades
single-molecule techniques have emerged as an alternative method to characterise the
precise molecular mechanisms by which chaperones fold and prevent the aggregation of
proteins. Previously, single-molecule studies have primarily focused on the ATPdependent Hsps. While there has been some work investigating the functional
mechanisms of ATP-independent chaperones (e.g. trigger factor (Hoffmann, Bukau et al.
2010, Avellaneda, Koers et al. 2017)), to date there has been comparatively little work
done using single-molecule techniques to study sHsp function. Given that singlemolecule techniques offer an exciting avenue by which the complex interaction between
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chaperone proteins and clients can be probed in greater detail, such approaches are ideally
suited to investigate sHsp molecular chaperone action.
As such, the specific aims of this work were to:
I.

Develop a single-molecule fluorescence-based approach to directly observe
complexes formed between the mammalian sHsp, aBc, and an aggregation-prone
client protein, CLIC1.

II.

Exploit this single-molecule approach to determine the stoichiometries of
complexes formed between aBc and CLIC1 and to measure how these complexes
change over time and as a function of sHsp concentration.

III.

Develop and employ a FRET-based approach to examine the effect of the human
Hsp70/Hsp40 folding chaperones on sHsp-client complexes.

IV.

Develop and use a TIRF-based approach to directly visualise the binding of sHsps
to a-syn fibrils and determine if this binding has an effect on the length of these
fibrils.
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2.1 Materials
All materials used in this work were purchased from Sigma-Aldrich (St. Louise, MO,
USA) or Amresco (Solon, OH, USA) unless indicated otherwise. All maleimide
fluorophores used in this work were purchased from Thermo Fisher Scientific (Waltham,
USA). The α-cyanostilbene derivative (ASCP) AIE-dye was kindly provided by Dr
Yuning Hong (La Trobe University, Melbourne, Australia). Protocatechuate-3,4dioxygenase (PCD) used as an oxygen-scavenger for single-molecule experiments was
purchased from OYC (Americas, Japan). The fluorescently labelled Hsp27WT, Hsp27ACD
and Hsp273D used in this work was gifted from Ms Lauren Rice and Mr Kristian Claesson
(University of Wollongong, Australia). The recombinant superoxide dismutase 1 (SOD1)
used in this work was a gift from Prof. Justin Yerbury (University of Wollongong,
Australia).
Table 2.1: Summary of molecular masses and extinction coefficients at A280 of
recombinant proteins expressed and purified in this work
Protein
Molecular Mass (Da)
ε (mg-1 ml cm-1)
Hsp27WT
22 780
1.65
αBcWT

20 159

0.83

αBcC176

20 262

0.83

CLIC1cysL

28 825

0.55

CLIC1C24

28 926

0.55

Hsc70

70 898

0.47

DNAJB1

38 044

0.50

For more information on the recombinant proteins used in this work see Appendix I.
2.2 Plasmids
pET24a(+) bacterial expression vectors containing the human αBc (HSPB5), Hsp27
(HSPB1) and mutant αBcC176 were used to prepare recombinant proteins. The mutant
αBcC176 was engineered to contain an additional cysteine (compared to αBcWT) at the
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extreme C-terminus to facilitate the site-specific covalent attachment of a fluorescent dye.
CLIC1C24 in the pET24a vector was produced via site directed mutagenesis of the wild
type genes (Genscript, Piscataway, NJ). The CLIC1C24 construct used in this study
contained a mutation of one of the native tryptophan residues to phenylalanine (W23F)
to reduce the likelihood of fluorescence quenching of attached fluorophores via
photoinduced electron transfer (PET) and mutations of five of the native cysteines to
alanines (C59A, C89A, C178A, C191A, C223A); the remaining cysteine (C24) was not
modified so it could be exploited for site-specific fluorescent labelling. CLIC1cysL in the
pET24a vector was a kind gift from Dr Sophie Goodchild (Macquarie University,
Australia). The CLIC1cysL construct contained mutations of four of the native cysteines
to alanines (C89A, C178A, C191A, C223A); the remaining two cysteines (C24 and C59)
were not modified. A 6-His purification tag was also incorporated at the N-terminus in
both CLIC1C24 and CLIC1cysL constructs.
2.3 Recombinant protein expression, extraction and purification
2.3.1 Small heat-shock proteins
Recombinant forms of the small heat-shock proteins (αBcWT, αBcC176, Hsp27WT) were
expressed in BL21(DE3) E. coli cells transformed with each plasmid, and were extracted
and purified as previously described (Horwitz 1992) with minor modifications. Briefly,
E. coli cells containing each plasmid were streaked onto a Luria-Bertani broth (LB, 1%
(w/v) tryptone, 1% (w/v) NaCL, 0.05% (w/v) yeast extract, pH 7.4) agar plate
supplemented with the appropriate antibiotic (50 µg/ml kanamycin or 100 µg/ml
ampicillin) and were incubated overnight at 37⁰C. Resulting single colonies were used to
inoculate a 100 mL LB starter culture supplemented with the appropriate antibiotic (50
µg/ml kanamycin or 100 µg/ml ampicillin) which was grown overnight at 37⁰C with
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constant shaking at 200 rpm. The cultures were diluted 1:20 into fresh LB (containing the
appropriate antibiotic) and grown at 37⁰C to an optical density of 0.6-0.8 at 600 nm
(OD600). Protein overexpression was induced by the addition of 0.25 mM isopropyl β-D1-thiogalactopyranoside (IPTG) and cultures were incubated for a further 4 hr at 37⁰C.
Cells were harvested by centrifugation (5 000 x g, 10 min, 4⁰C) and the pellets were stored
at -20⁰C.
Recombinant proteins were extracted by resuspending bacterial pellets in lysis buffer
(100 mM Tris-HCl, 100 mM NaCl, pH 8.0) supplemented with a cOmplete, EDTA-free
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, Mo, USA). Lysozyme (to a final
concentration of 0.25 mg/mL) was added and samples were incubated on ice for 20 min
before DNAse was added to a final concentration of 0.33% (w/v) and the samples
incubated for a further 20 min at room temperature. Following this samples were
sonicated (six cycles of 10 s at 40% power) and the resultant bacterial lysates were
centrifuged at 20 000 x g for 20 min at 4⁰C to remove cellular debris. The supernatants
were collected and further clarified by a second round of centrifugation (20 000 x g for
20 min at 4⁰C) before the soluble bacterial lysates were collected for purification.
Cell lysates were applied to a HiPrep DEAE FF 16/10 column (GE Healthcare, USA)
equilibrated in 20 mM Tris-HCl, 1 mM EDTA, 3 mM sodium azide (pH 8.0) and proteins
were eluted at 2.5 mL/min using a stepwise gradient (5%, 10% and 100%) to 2 M NaCl.
Fractions (5 mL) were collected and analysed via sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) and those containing the protein of
interest were pooled and concentrated to 5 mL using a stirred filtration cell (Merck
Millipore, Darmstadt, Germany). Recombinant proteins were subsequently loaded onto a
HiPrep 26/60 Sephacryl-S-300 High resolution column (GE Healthcare, USA)
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equilibrated with 50 mM phosphate buffer (pH 7.4). Proteins were eluted from the column
at 1 mL/min into 10 mL fractions, which were analysed via SDS-PAGE to identify
fractions containing the protein of interest. These fractions were subsequently pooled and
concentrated using a stirred filtration cell before the final concentration of the sample was
determined using a Nanodrop 2000c Spectrophotometer (Thermo Fisher Scientific) and
appropriate extinction coefficients for each protein (Table 2.1). Aliquots of the purified
proteins (50 μL) were then stored at -20⁰C until use.
2.3.2 Hsc70 and DNAJB1
Hsc70 and DNAJB1 constructs each incorporated a 6-His purification tag and cleavage
sequence (TEV site for Hsc70 and SUMO site for DNAJB1) at the N-terminus of the
proteins. Hsc70 was expressed using the same methods as described for the sHsps (see
section 2.2.1). DNAJB1 was expressed in Rosetta (DE3) cells transformed with the
plasmid encoding for the recombinant protein. To do so, 50 mL of LB media
supplemented with kanamycin (50 µg/ml) was inoculated with cells containing the
DNAJB1 plasmid and grown overnight shaking at 30⁰C. The culture was diluted 1:20 into
fresh LB media (containing kanamycin) and grown at 30⁰C to an optical density of 0.60.8 at 600 nm (OD600). Protein expression was induced by the addition of 1 mM IPTG
and cultures were incubated for a further 4 hr at 30⁰C. Cells were harvested by
centrifugation at 5 000 x g for 10 min at 4⁰C.
Cells containing recombinant Hsc70 and DNAJB1 were resuspended in lysis buffer (50
mM HEPES-KOH, 5 mM MgCl2, 2 mM beta mercaptoethanol (BME), 10% glycerol, pH
7.4) supplemented with a cOmplete, EDTA-free protease inhibitor cocktail, 2 mM
phenylmethylsulfonyl fluoride (PMSF), DNase I (3.0 µg/ml) and either 750 mM
(DNAJB1) or 300 mM (Hsc70) KCl. Cells were sonicated (six cycles of 10 s at 40%
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power) and centrifuged (30 000 x g, 45 min, 4⁰C) before being passed through a 0.45 µm
filter.
Hsc70 and DNAJB1 were purified by applying each cell lysate separately to a 5 mL
HisTrap Sephadex column (GE Healthcare, USA) equilibrated with the appropriate lysis
buffer. Bound recombinant proteins were washed with a low salt lysis buffer containing
either 500 mM (DNAJB1) or 100 mM (Hsc70) KCl and bound Hsc70 was further washed
with a low salt lysis buffer containing 10 mM ATP. Recombinant proteins were eluted at
1 mL/min from the column with 300 mM imidazole as 5 mL fraction, which were
analysed via SDS-PAGE to identify fractions containing the protein of interest. These
fractions were subsequently pooled and the N-terminal His tags of Hsc70 and DNAJB1
were cleaved by incubating the proteins with the appropriate protease over night at 4⁰C
(His-tagged TEV - 10 µg/mg of protein for Hsc70; His-tagged Ulp1 - 4 µg/mg of protein
for DNAJB1). The cleaved recombinant proteins were dialysed back into the lysis buffer
overnight at 4⁰C (to remove the high concentration of imidazole) before again being
applied to a 5 mL HisTrap Sephadex column (GE Healthcare, USA) under the same
conditions as previously described to remove the cleaved 6-His tags. Fractions containing
the protein of interest (as determined by SDS-PAGE) were pooled and concentrated.
Recombinant proteins were then loaded onto a Superdex 75 size-exclusion column
equilibrated in 50 mM HEPES-KOH (pH 7.4), 5 mM MgCl2, 2 mM BME, 10% glycerol
and either 500 mM KCl for DNAJB1 or 100 mM KCl for Hsc70. Proteins were eluted
from the column at 1 mL/min into 10 mL fractions, which were analysed via SDS-PAGE
to identify fractions containing the protein of interest. These fractions were then
concentrated before the final concentration of the sample was determined using a
Nanodrop 2000c Spectrophotometer and the appropriate extinction coefficients for

36

Chapter 2: Materials and Methods

DNAJB1 and Hsc70 (Table 2.1). The purified proteins were aliquoted (100 μL) before
being snap-frozen and stored at -20⁰C until use.
2.3.3 CLIC1 proteins
CLIC1 proteins (CLIC1cysL and CLIC1C24) were expressed in BL21 CodonPlus (DE3)
RIPL E. coli cells transformed with each plasmid. Cells were streaked onto a LB agar
plate supplemented with kanamycin antibiotic (50 μg/mL) and grown overnight at 37⁰C.
Cells from a single colony on the LB agar plate were used to inoculate a 100 mL LB
starter culture supplemented with kanamycin (50 μg/mL) and this culture was grown
overnight at 37⁰C with constant shaking at 200 rpm. The starter culture was diluted 1:20
into fresh LB (containing 50 μg/mL kanamycin) and grown at 37⁰C to an optical density
of 0.6-0.8 at 600 nm (OD600). Recombinant protein expression was induced by the
addition of 0.1 mM IPTG and overnight incubation at 18°C with constant shaking (200
rpm). The cells were then harvested by centrifugation at 5 000 x g for 10 min at 4°C and
the pellet stored at -20°C.
Cells were resuspended in 50 mM Tris-base (pH 8.0) containing 100 mM NaCl, 0.5
mg/mL lysozyme and a cOmplete, EDTA-free cocktail protease inhibitor, incubated for
20 min at 4˚C and then sonicated (six cycles of 10 s at 40% power) to further lyse cells
and to shear DNA. The cell lysate was then clarified by centrifugation twice at 24000 x g
for 20 min, passed through a 0.45 µM filter and applied to a 5 mL HisTrap Sephadex
column (GE Healthcare, USA) equilibrated in 50 mM Tris-base (pH 8.0) containing 5
mM imidazole and 300 mM NaCl. Bound recombinant protein was eluted at 1 mL/min
with 500 mM imidazole and 5 mL fractions collected. These fractions were analysed via
SDS-PAGE to confirm the presence of the protein of interest before being concentrated
to 5 mL using a stirred filtration cell and loaded onto an s75 Superdex size-exclusion
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column equilibrated in 50 mM phosphate buffer (pH 7.4). Proteins were eluted from the
column at 1 mL/min into 10 mL fractions, which were analysed via SDS-PAGE to
identify fractions containing the protein of interest. These fractions were then pooled,
concentrated and the final concentration of the sample was determined using a Nanodrop
2000c Spectrophotometer (Thermo Fisher Scientific) and appropriate extinction
coefficients for each protein (Table 2.1). Finally, recombinant purified proteins were
aliquoted (100 μL), snap frozen in liquid nitrogen and stored at -20⁰C until use.
2.4 Fluorescent labelling of recombinant proteins
Recombinant proteins were labelled with appropriate maleimide fluorophores (Table 2.2)
as previously described with some modifications (Kim, Ho et al. 2008). Briefly, proteins
to be labelled were incubated in 5 mM TCEP and 70% (w/v) ammonium sulphate and
placed on a rotator at 4°C for 1 hr. Proteins were then centrifuged and the pellet
resuspended in degassed buffer A (100 mM Na2PO4 (pH 7.4), 200 mM NaCl, 1 mM
EDTA, 70% (w/v) ammonium sulphate). The proteins were again centrifuged and the
washed pellet was resuspended in buffer B (100 mM Na2PO4 (pH 7.4), 200 mM NaCl, 1
mM EDTA) containing a 5-fold molar excess of maleimide-conjugated fluorophore. The
proteins were then incubated on a rotator at room temperature for 3 hr. Following the
coupling reaction, excess dye was removed by gel filtration chromatography using a 7 K
molecular weight cut-off (MWCO) Zebra Spin Desalting column equilibrated in 50 mM
phosphate buffer (pH 7.4). The concentration and degree of labelling was calculated by
UV absorbance or denaturing mass spectrometry (the latter was performed by Mr
Nicholas Marzano; University of Wollongong, Australia) (Table 2.2). The labelled
proteins were stored at -20°C until use.
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Table 2.2: Summary of fluorescent labelling methods and their efficiencies for each
labelled recombinant protein used in this work
Protein

Label:

CLIC1cysL
CLIC1C24
CLIC1C24
αBcC176
αBcC176
αBcACD/C176
Hsp27C137S/C206
Hsp27ACD/C137S/C206
Hsp273D/C137S/C206

647-C2-mal
647-C2-mal
555-C5-mal
647-C2-mal
488-C5-mal
488-C5-mal
488-C5-mal
488-C5-mal
488-C5-mal

𝜺
(mg-1 ml
cm-1)

Method*

Wavelength

UV abs
UV abs
UV abs
UV abs
Mass spec
UV abs
UV abs
UV abs
UV abs

650 nm
650 nm
556 nm
650 nm

0.55
0.55
0.55
0.83

488 nm
488 nm
488 nm
488 nm

0.15
1.65
0.82
1.65

Alexa Fluor –
maleimide (mal)
dye

Labelling
efficiency
45%
96%
82%
77%
>95%
41%
66%
60%
>90%

* Method = method used to determine labelling efficiency (UV absorbance at wavelength
specified or denatured mass spectrometry).
2.5 Coverslip preparation for single-molecule experiments
2.5.1 Functionalisation of coverslips and microfluidic flow cell assembly
Microfluidic flow cells were constructed by placing PDMS lids on 24 x 24 mm glass
coverslips that had been PEG-biotin-functionalised (Chandradoss, Haagsma et al. 2014).
Coverslips were functionalised by treatment with 100% ethanol for 15 min and 5 M KOH
for 30 min, before aminosilanisation was carried out in a 1% (v/v) (3-Aminopropyl)
triethoxysilane (Alfa Aesar, UK) solution. PEGylation of coverslips was performed by
incubating coverslips with 1:10 mixture of biotinPEG-SVA and mPEG-SVA (Laysan
Bio, AL, USA) prepared in 50 mM 3-(N-Morpholino) propanesulfonic acid (MOPS) (pH
7.5) solution for 3 hr. Coverslips were further functionalised by additional PEGylation
overnight before being stored under nitrogen gas at -20°C. Inlets and outlets in the PDMS
were prepared using PE-20 tubing (Instech, PA, USA) that allowed washing and addition
of samples onto the coverslip surface.
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2.5.2 Poly-L-lysine coverslips
Coverslips (24 x 24 mm) were treated with 100% ethanol for 15 min and 5 M KOH for
30 min before being washed with milli-Q water and dried with nitrogen gas. Clean
coverslips were subsequently incubated with poly-L-lysine (0.01% (w/v)) for 30 min,
rinsed with milli-Q water and again dried with nitrogen gas. Coverslips were used
immediately following treatment.
2.6 Total internal reflection fluorescence (TIRF) microscopy
2.6.1 Single- and two-colour TIRF microscope set up
A custom-built total internal reflection fluorescence microscope system was constructed
around an inverted optical microscope (IX70, Olympus, Tokyo, Japan). Samples were
illuminated by a solid-state 488 nm laser (0.75 W/cm2; 150 mW Sapphire 488 nm,
Coherent, Santa Clara, CA, USA) and/or 637 nm laser (6.5 W/cm2; 140 mW Vortran,
Sacramento, CA, USA), which were aligned and directed off a dichroic mirror (Di01R405/488/561/635, Semrock, Rochester, NY, USA) to the back-aperture of a 1.49 NA
TIRF objective lens (100 x UApoN model, Olympus) mounted on the optical microscope
(Fig. 2.1). Fluorescence emission was collected by the same objective and the returning
TIRF beam was filtered by a dichroic mirror (Di01-R405/488/561/635, Semrock).
Incoming emission signals were separated using a dual view of 635 nm cut-off dichroic
filter (Photometric DV2) that split incoming emission signals into two and directed them
to a CCD chip, allowing simultaneous imaging of two colours on each half of the same
chip, and passed through appropriate band pass filters (BLP01-488R for AF488 and
BLP01-633R for AF647) onto a EM-CCD camera (ImageEM, Hamamatsu, Japan). The
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hardware was controlled by the microscopy platform Micromanager (NIH, USA) and the
camera was in frame transfer mode at 5 Hz.

Figure 2.1: Schematic of TIRF microscope setup for single-molecule imaging. Lasers (488
nm and 647 nm) were directed to the back of a 1.49 TIRF objective lens via mirrors and a TIR
lens. Fluorescence emission was collected by the objective and filtered by an emission filtsers.
The emission signals were separated via dichroic filter and directed into an EM-CDD camera
controlled by a computer, allowing for simultaneous imaging of two emission channels. Key
indicates the presence of a mirror (grey) or dichroic mirror (red).

2.6.2 Single-molecule FRET microscope set up
All single-molecule FRET measurements were performed on a custom-built TIRF
microscope with a Sapphire, green (532 nm) laser that has been previously described
(Zhong, Paudel et al. 2020).
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2.7 Single-molecule data analysis and scripts
All acquired TIRF microscopy images were analysed using Fiji (Schindelin, ArgandaCarreras et al. 2012) and Matlab (R2016b) (Fig. 2.2).

Figure 2.2: Overview of TIRF microscopy image analysis pipeline. Single-molecule FRET
(green), single-colour (blue) and two-colour images (magenta) were analysed via various
methods in Matlab and Fiji.
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2.7.1 Single-molecule FRET (smFET) image analysis
Single-molecule fluorescence intensity time trajectories from multiple fields of view were
generated and analysed using a Matlab-based software (MASH-FRET) (Hadzic,
Kowerko et al. 2016). Donor leakage into the acceptor channel was corrected during
image analysis.
2.7.2 Single-colour TIRF microscopy image analysis
Images were corrected for electronic offset and inhomogeneity of the excitation beam
laser before all fluorescent molecules were identified and, if required, their intensity time
trajectories were generated using custom-written scripts in Fiji. Alternatively, for images
of fibrillar species, following image correction, fibril lengths were calculated using the
available macro Ridge detection (Steger 1998) in Fiji.
2.7.3 Two-colour TIRF microscopy image analysis
Since images were acquired via simultaneous two-colour imaging, the collected images
were cropped and aligned prior to correction for electronic offset and inhomogeneity of
the excitation beam laser. In order to identify colocalisation events of foci within each
channel, colocalisation analysis was performed as previously described (Henrikus, Henry
et al. 2020). Briefly, foci were classed as colocalised if their centroid positions (this was
determined using a peak fitter tool) fell within 297 nm (3 pixels). Chance colocalisation
of molecules was determined by calculating the area of the image occupied by all
identified foci and their colocalisation search radius and dividing this by the total area of
the image. This chance colocalisation was then subtracted from raw colocalisation
percentages and these true colocalisation percentages are reported. Fluorescent intensity
time traces were generated and/or fibril length analysis performed in either channel as
previously described (see section 2.7.2).
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Chapter 3: Development of a SMF-based approach to visualise sHsp-client protein complexes

3.1 Introduction and Rationale
It is well established that sHsps form complexes with misfolded client proteins to prevent
their irreversible aggregation (Lindner, Kapur et al. 1997, Stromer, Ehrnsperger et al.
2003, Regini, Ecroyd et al. 2010). However, precise details regarding how this interaction
occurs and the structural organisation of these sHsp-client complexes remain poorly
understood. This is due, at least in part, to the dynamic and heterogeneous nature of the
complexes that are formed between polydisperse sHsp, such as αBc, and client proteins.
This has made the study of these sHsp-client protein complexes challenging using
traditional ensemble bulk-averaging techniques.
Single-molecule fluorescence methodologies overcome some of the difficulties of
studying dynamic and heterogeneous systems by facilitating the observation of individual
protein-protein interactions. Consequently, such approaches have been advantageous for
the study of some molecular chaperone systems (Avellaneda, Koers et al. 2017, Johnston,
Marzano et al. 2018); however, to date, these techniques have not been exploited to study
the function of sHsps. Therefore, there is a clear opportunity to exploit SMF techniques
to directly observe the interaction between sHsps and client proteins, thereby revealing
important mechanistic insights into how these chaperone proteins prevent protein
misfolding.
This chapter describes work towards developing a single-molecule fluoresence-based
approach to directly observe complexes formed between aBc and a model client protein,
the chloride intracellular channel 1 (CLIC1) protein. This is the first work to employ
CLIC1 as a model client protein for studies of sHsp chaperone action. CLIC1 was chosen
as a potential model client protein to study sHsp chaperone function as it has several
characteristics that make it amenable for the study of sHsp chaperone function at the

45

Chapter 3: Development of a SMF-based approach to visualise sHsp-client protein complexes

single-molecule level. First, CLIC1 is a human protein that can be easily expressed and
purified from E.coli (Harrop, DeMaere et al. 2001). Second, the soluble globular form of
CLIC1 is monomeric and adopts a glutathione-S-transferase (GST)-like canonical fold
(Harrop, DeMaere et al. 2001, Berry and Hobert 2006, Littler, Harrop et al. 2010):
cytosolic plant sHsps have been shown to bind GST proteins in vivo following heat-stress
(McLoughlin, Basha et al. 2016) and expression of the human sHsp, Hsp27 (HSPB1)
protects detoxifying enzymes, such as GSTs, against inactivation in cells (Préville,
Salvemini et al. 1999). Third, mutants of CLIC1 in which several of the cysteine residues
have been mutated from the protein have been previously described suggesting that
CLIC1 has the potential to be amenable to site-specific fluorescent labelling (Goodchild,
Angstmann et al. 2011). Finally, the destabilisation of CLIC1 results in the formation of
a folding-intermediate with a high-degree of solvent-exposed hydrophobicity (Fanucchi,
Adamson et al. 2008, Cross, Fernandes et al. 2015), causing it to be aggregation-prone.
This is typical of the client proteins of sHsps that form during times of cellular stress
(Haslbeck and Vierling 2015). Therefore, it was hypothesised that aBc would bind to
heat-induced misfolded CLIC1 forming complexes that could potentially be observable
at the single-molecule level. It was envisaged that development of a SMF approach to
directly observe sHsp-client complexes would enable studies aimed at characterising the
structural organisation of these complexes allowing insight into how these complexes
form.
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3.2 Methods
3.2.1 In vitro aggregation assays
The ability of αBc to prevent the amorphous aggregation of CLIC1cysL was assessed via
an in vitro aggregation assay. CLIC1cysL (50 µM) was incubated in 50 mM phosphate
buffer (pH 7.4) in the presence or absence of varying molar ratios of aBc (1:125-1:0.5,
αBc:CLIC1). CLIC1cysL incubated in the presence of ovalbumin at 1:0.5 molar ratio
(Ova:CLIC1cysL) acted as a control for the chaperone-specific inhibition of CLIC1cysL
aggregation by aBc. Samples were prepared in duplicate in a Greiner Bio-One 384-well
microplate (Greiner Bio One, Freickenhausen, Germany) and sealed to prevent
evaporation. The aggregation of CLIC1cysL was monitored by measuring the light scatter
at 340 nm using a FLUOstar Optima plate reader at 37⁰C for 20 hr. To quantify the ability
of αBc to prevent CLIC1cysL aggregation, the percent inhibition of aggregation was
calculated using the formula: % inhibition = ((ΔIc – ΔIs)/ΔIc) × 100, where ΔIc and ΔIs
are the change in absorbance in the absence and presence of chaperone at the end of the
assay, respectively. The percent inhibition of aggregation afforded by αBc is reported as
the mean ± S.D. of three independent experiments.
3.2.2 Analytical size-exclusion chromatography (SEC)

Further characterisation of the interaction between CLIC1cysL and αBc was achieved by
analysing samples by size-exclusion chromatography (SEC) at the end of the aggregation
assays. Samples containing CLIC1cysL (50 µM) in the presence or absence of αBc
(100µM) were collected immediately following incubation and centrifuge at 20 000 x g
for 10 min at room temperature to remove any insoluble protein. Supernatants were then
collected and loaded (80 μL) onto a Superdex 200 HR 10/300 GL column (GE Healthcare,
UK) pre-equilibrated in 50 mM phosphate buffer (pH 7.4) and calibrated using Bio-Rad
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gel filtration standards (USA). Samples were eluted at 0.5 mL/min and an in-line UV
detector was used to monitor the elution of proteins from the column via their absorbance
at 280 nm. Fractions corresponding to peaks on the chromatogram were collected and
analysed via SDS-PAGE.
3.2.3 Immobilisation of AF647-CLIC1cysL to coverslips for single-molecule
imaging
For single-molecule fluorescence imaging, His-tagged CLIC1cysL was labelled with an
Alexa Fluor 647 maleimide fluorophore (AF647-CLIC1cysL) targeting the only two
cysteines within the protein (C59 and C24). Labelling was carried out as previously
described (see section 2.4). The concentration and degree of labelling was determined
using UV absorbance at 650 nm with an extinction coefficient of 0.55 mg-1 ml cm-1 and
calculated to be 45%. Microfluidic flow cells were constructed with a PEG-biotinfunctionalised coverslip (see section 2.5.1). Neutravidin (125 µg/mL) was incubated in
the flow cell for 10 min, and then the flow cell was washed with 50 mM phosphate buffer
(pH 7.4) supplemented with 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (6
mM, TROLOX) (phosphate imaging buffer). To facilitate the immobilisation of the Histagged AF647-CLIC1cysL to the coverslip surface, a biotinylated anti-6X His-tag antibody
(1 µg/mL) (Abcam, Cambridge, MA) was incubated in the flow cell for 10 min. Finally,
AF647-CLIC1cysL (600 pM) was incubated in the flow cell for 10 min and phosphate
imaging buffer was flushed through the flow cell to remove any unbound protein. To
reduce photobleaching and blinking of the fluorescent dyes during image acquisition, an
oxygen scavenger system (OSS) containing protocatechuic acid (PCA, 2.5 mM) and
protocatechuate-3,4-dioxygenase (PCD, 50 nM) (OYC Americas, Vista, CA) in
phosphate imaging buffer (PCA-PCD OSS) was introduced into the flow cell. Image
acquisitions were performed at room temperature (approx. 20⁰C) on a custom-built TIRF
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microscope with a 637 nm laser (see section 2.6.1). Images were acquired every 200 msec
and the resulting movies were corrected for laser intensity profiles and background before
intensity time trajectories were generated for all AF647-CLIC1cysL molecules in each field
of view using custom-written scripts in Fiji (see section 2.7.2). The trajectories were fit
by change point analysis (Duderstadt, Geertsema et al. 2016) to determine the initial
fluorescence intensities (I0) and intensities of single-photobleaching steps (Is). The Is
values were collectively fit to a Guassian distribution from which the mean photobleaching initial intensity (Is-mean) of a singular fluorophore was calculated. The Is-mean
value was then used to calculate the number of fluorescently-labelled proteins per point
(FPP) using the equation FPP = I0/Is-mean. All values were derived using home-written
script in MATLAB (ver. R2016b).
3.2.4 Mass photometry of αBc isoforms
The mass photometry measurements were performed by Mr George Wright, under the
supervision of Prof Justin Benesch at the University of Oxford (UK). Coverslips were
cleaned by sequential sonication in milli-Q water, isopropanol and milli-Q water (5 min
each) before washing with ethanol and drying under a clean stream of nitrogen.
Coverslips were then assembled into flow chambers as described previously (Young,
Hundt et al. 2018). Mass photometry measurements were made on a prototype of the
ONEMP (Refeyn Ltd). The samples of aBc (aBcWT, aBcc176 and AF488-aBc) were
diluted from stock to 2 µM (monomer), in 50 mM filtered phosphate buffer (pH 7.4).
These solutions were incubated for 30 min at room temperature, then 45 min on ice.
Further dilution to 400 nM (monomer) was performed immediately before measurement.
For the mass photometry measurement, 10-15 µL of sample was added to the flow
chamber and recording initiated as soon as the sample stage returned to the focal position.
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Two 60 sec recordings were taken for each sample, at an effective frame rate of 318 Hz
and an effective pixel size of 21.1 nm. The resultant movies were analysed using software
written in-house according to previously described procedures (Young, Hundt et al. 2018)
using stacks of 15 frames to produce the averages before division. To convert peak
contrasts to mass, 15 standard proteins were measured on the same instrument under the
same conditions, and the average contrast for each standard was plotted against the
sequence mass to produce a linear calibration curve. The converted peak contrasts were
then visualised in mass histograms.
3.2.5 Examination of the size distribution of cross-linked αBc using singlemolecule imaging
Alexa Fluor 488 labelled αBcC176 (AF488-αBcC176) was diluted from stock to either 2 µM
or 10 µM in 50 mM phosphate buffer (pH 7.4). All samples were incubated at room
temperature in the presence or absence of a 50 molar excess of BS3 cross-linker (Thermo
Fisher Scientific, Waltham, MA) for 30 min. Following incubation, non-reacted crosslinker was quenched with the addition of 50 mM glycine. For single-molecule imaging
of AF488-αBcC176, coverslips were cleaned by sequential sonication in 2 M KOH (15
min), 100% ethanol (15 min) and milli-Q water (5 min) before aminosilanisation was
carried out in a 1% (v/v) (3-Aminopropyl) triethoxysilane (Alfa Aesar, UK) solution to
increase the hydrophobicity of the surface for AF488-αBcC176 immobilisation. Crosslinked and control AF488-αBcC176 samples at either 2 µM or 10 µM were diluted to 10
nM in phosphate imaging buffer containing a PCA-PCD oxygen scavenger system (PCA2.5 mM, PCD-50 nM) (see section 3.2.3). Following dilution, samples were individually
placed on coverslips and single-molecule measurements were performed at room
temperature on a custom-built TIRF microscope with a solid-state 488 nm laser (see
section 2.6.1).
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3.2.6 Examination of the size distribution of cross-linked αBc using SDSPAGE
SDS-PAGE was conducted on a 12% (v/v) acrylamide gel using standard techniques.
Samples containing 10 µM AF488-αBcC176 that were incubated in either the presence or
absence of cross-linker were mixed with an equal volume of reducing sample buffer such
that the final concentration of 2-mercaptethanol was 2.5% (v/v). Samples were heated at
95⁰C before loading onto the gel.
3.2.7 Coverslip surface optimisation to reduce non-specific absorption of αBc
In order to reduce the non-specific absorption of AF488-αBc to the surface of PEG-biotin
functionalised coverslips, experiments were performed to optimise the surface chemistry.
Coverslips were cleaned and PEG-biotin-functionalised (see section 2.5.1) with either
one (single PEG) or two rounds (double PEG) of PEG-biotin-functionalisation.
Microfluidic flow cells were constructed with the PEG-biotin functionalised (single and
double PEG) coverslips (see section 2.5.1). Double PEG flow cells were incubated in the
presence or absence of 1%, 2% or 4% (v/v) Tween20 in phosphate imaging buffer (pH
7.4) for 20 min at room temperature. All flow cells were then washed with imaging buffer
and incubated with AF488-αBcC176 (20 nM) for 5 min. To reduce photobleaching and
blinking of the Alexa Fluor 488 fluorophore and to wash off excess unbound AF488αBcC176 from the coverslip surface, 200 µL of a PCD-PCD oxygen scavenger system
(PCA-2.5 mM, PCD-50 nM) in phosphate imaging buffer was added to the flow cells
before imaging.
To assess if αBc binds to the surface immobilised anti-6X His-tag antibody, flow cells
were constructed using a double PEG coverslip. Neutravadin (125 µg/ml) was incubated
in flow cells for 10 min and washed out with phosphate imaging buffer to remove any
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unbound protein. Flow cells were subsequently incubated in the presence or absence of
an anti-6X His-tag antibody for 10 min, treated with 2% (v/v) Tween20 for 20 min at
room temperature and washed using phosphate imaging buffer. Finally, AF488-αBcC176
(20 nM) was incubated in the flow cells for 5 min before the addition of a PCA-PCD
oxygen scavenger system (PCA-2.5 mM, PCD-50 nM) for image acquisition.
All samples were imaged at room temperature (approx. 20⁰C) on a custom-built TIRF
microscope with a 488 nm laser (see section 2.6.1). These images were corrected for laser
intensity profiles and background before the number of αBc trajectories were calculated
in Fiji. The number of αBc trajectories is reported as the mean ± SEM of images collected
from two independent experiments. Statistical analysis was performed via a one-way
ANOVA with subsequent post hoc testing using a Tukey’s test with an alpha value of less
than 0.05 considered significant.
3.2.8 Sample preparation for visualisation of CLIC1cysL-αBc complexes at the
single-molecule level
Microfluidic flow cells were constructed with a PEG-biotin-functionalised coverslip (see
section 2.5.1). An anti-6X His-tag antibody (1 µg/mL) was immobilised to the coverslip
surface as previously described (see section 3.2.3). Coverslips were subsequently treated
with 2% (v/v) Tween20 for 20 min to reduce the non-specific absorption of proteins (see
section 3.2.7) and finally washed with phosphate imaging buffer.
In order to examine if CLIC1-αBc complexes were able to be visualised at the singlemolecule level, AF647-CLIC1cysL (400 pM) was incubated in flow cells for 5 min at room
temperature (approx. 20⁰C) or 42⁰C (to facilitate the immobilisation and unfolding of
CLIC1cysL). Unbound proteins were removed from the surface by the addition of
phosphate imaging buffer. AF488-αBcC176 was introduced into separate flow cells
containing immobilised AF647-CLIC1cysL and was incubated at 42⁰C for 10 min at
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increasing concentrations (1, 5, 10 and 15 µM) or room temperature at 10 µM. To
examine if increasing the incubation time between AF488-αBcC176 and heated AF647CLIC1cysL resulted in the formation of more complexes, AF488-αBcC176 (10 µM) was
incubated in separate flow cells containing immobilised AF647-CLIC1cysL at 42⁰C for
various times (0, 30 and 60 min). Finally, to determine how crowding reagents and salt
affect CLIC1cysL-αBc complex formation at the single-molecule level, AF488-αBcC176
(10 µM) in phosphate imaging buffer containing 10% (w/v) PEG8000 or 150 mM NaCl
was incubated for 10 min in separate flow cells at 42⁰C with immobilised AF647CLIC1cysL. Following incubation of AF488-αBcC176 with immobilised AF647-CLIC1cysL
on the coverslip surface under the various tested conditions, all flow cells were washed
with phosphate imaging buffer containing PCA-PCD oxygen scavenger system (PCA-2.5
mM, PCD-50 nM) to remove unbound αBc and to reduce blinking of the fluorescent dyes
during subsequent image acquisition.
In order to visualise at the single-molecule level CLIC1-αBc complexes formed at higher
concentrations, AF647-CLIC1cysL (1 µM) was incubated in 50 mM phosphate buffer (pH
7.4) at room temperature or 42°C for 20 hr in the presence of AF488-αBcC176 (2µM). The
samples were diluted 1:1000 in phosphate imaging buffer and incubated in flow cells at
room temperature for 10 min. Flow cells were washed with PCA-PCD oxygen scavenger
system and imaged.
3.2.9 Data acquisition and analysis of CLIC1cysL-αBc complexes visualised at
the single-molecule level
All sample images were acquired on a custom-built TIRF microscope with 488 nm and
637 nm lasers (see section 2.6.1) and were processed for laser profile and background
corrections using Fiji (see section 2.7.3). Home written software in Fiji was also used to
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calculate the percentage of CLIC1cysL colocalised with αBc (see section 2.7.3) and is
reported as the mean ± SD of the images collected.
3.3 Results
3.3.1 αBc binds and inhibits the amorphous aggregation of CLIC1cysL in vitro
We first confirmed that heat-destabilisation of CLIC1cysL led to its aggregation as
observed for other client proteins, including luciferase, rhodanese, alcohol dehydrogenase
and malate dehydrogenase, which are typically used to assess chaperone function (Fu
2014, Mymrikov, Daake et al. 2017). When CLIC1cysL was incubated at 37⁰C, there was
a significant increase in light scattering at 340 nm over 20 hr, indicative of its
destabilisation and subsequent aggregation (Fig. 3.1A). However, in the presence of αBc,
there was a concentration-dependent decrease in the rate and overall amount of light
scatter associated with CLIC1cysL aggregation (Fig. 3.1A, B). When ovalbumin (Ova) was
added at a 1:0.5 molar ratio (Ova:CLIC1cysL) there was no change in the light scatter
compared to when CLIC1cysL was incubated alone. This demonstrates that Ova provided
no protection against the aggregation of CLIC1 and thus that the inhibition of CLIC1
aggregation by αBc was due to its chaperone activity. Furthermore, no change in light
scatter over time was observed in samples containing αBc alone or buffer alone.
To investigate if, in preventing the heat-induced aggregation of CLIC1cysL, αBc formed
stable high-molecular mass complexes with this protein, the sample containing a 1:0.5
molar ratio of αBc:CLIC1cysL was collected after the aggregation assays and analysed by
size exclusion chromatography and SDS-PAGE. Prior to incubation, in the absence of
αBc, CLIC1cysL eluted from the column as a broad bimodal peak at around 15 mL (Fig.
3.1C). Following incubation in the absence of αBc there was little soluble CLIC1cysL left
in the sample due to its aggregation and precipitation. When incubated alone, αBc eluted
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from the column as a broad peak centred around 10 mL, consistent with an average
protein mass of approximately 650 kDa as reported previously for αBc under these
conditions (Horwitz, Huang et al. 2004). The presence of αBc in these fractions was
confirmed by SDS-PAGE (Fig. 3.1D). When CLIC1cysL was incubated in the presence of
αBc two distinct peaks were observed in the chromatogram; a broad peak corresponding
to the elution of αBc at 10 mL and an earlier shaper peak at 7.5 mL (Fig. 3.1C). The
presence of both soluble CLIC1cysL and αBc in the earlier peak was verified using SDSPAGE (Fig. 3.1D), therefore confirming that αBc formed stable high-molecular mass
complexes with CLIC1cysL in preventing its aggregation. Interestingly, in this same
sample a very small peak eluted from the column at 15 mL. This peak corresponded to
the elution of soluble CLIC1cysL suggesting that not all CLIC1cysL either aggregated or
formed a complex with αBc under the conditions used in this assay.
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Figure 3.1: αBc forms high-molecular complexes with CLIC1cysL, inhibiting its amorphous
aggregation. (A) CLIC1CysL (50 µM) was incubated at 37⁰C for 20 hr in the presence of varying
molar ratios of αBc (1:125-1:0.5, αBc:CLIC1) or ovalbumin (Ova). Ovalbumin was used as a
non-chaperone control protein at a molar ratio of 1:0.5 (CLIC1:Ova). The aggregation of
CLIC1cysL was monitored by measuring the change in light scatter at 340 nm over time. (B) The
percentage protection afforded by varying molar ratios of αBc against CLIC1cysL aggregation,
reported as the mean ± standard deviation of three independent experiments (n = 3). (C) Sizeexclusion chromatograms of non-incubated CLIC1cysL (50 µM) (green), and the soluble fraction
of samples following incubation; CLIC1cysL in the absence of αBc (red); αBc alone (100 µM,
dark blue); CLIC1cysL in the presence of αBc (light blue, molar ratio 1:0.5, αBc:CLIC1). All
chromatograms are normalised to the maximum absorbance of non-incubated CLIC1cysL. (D)
SDS-PAGE of the eluted fractions collected from the size-exclusion column. The elution volume
of the fractions is shown at the top of the gel and positions of CLIC1cysL (28 kDa) and αBc (22
kDa) are shown on the right of the gel.

3.3.2 Monomeric CLIC1cysL can be coupled to a coverslip surface and
visualised at the single-molecule level
To further investigate the interaction between αBc and CLIC1cysL a single-molecule
fluorescence assay was developed to visualise, for the first time, complexes formed
between αBc and a client protein. To achieve this, a method to immobilise and visualise
CLIC1cysL at the single-molecule level was first explored. His-tagged CLIC1cysL was
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labelled with an Alexa 647 fluorophore (AF647-CLIC1cysL) and flowed onto a coverslip
surface containing a biotinylated anti-6X His-tag antibody covalently coupled to glass
coverslip via biotin-streptavidin interactions. AF647-CLIC1cysL molecules were
successfully immobilised and visualised using TIRF microscopy (Fig. 3.2A, B). To
determine if CLIC1cysL was immobilised primarily as monomers on the surface,
molecules were imaged until all fluorophores were completely photobleached. Time
traces of the fluorescence intensity of molecules were generated and fit to change point
analysis to determine the initial fluorescence intensity (I0) and the intensities of singlephotobleaching steps (Is) for each molecule (Fig. 3.2C). The distribution of I0 and Is values
each contained one symmetrical peak which were fit to Gaussian distributions centring
around 413 a.u. and 606 a.u. respectively (Fig. 3.2D, E). The latter value (606 a.u.) was
assigned as the mean photo-bleaching initial intensity (Is-mean) of a singular fluorophore
and was used to calculate the number of fluorophores per point.
CLIC1cysL was predominantly monomeric when bound to the surface, with a small
population of species containing two fluorophores (6.5%). These species could have been
singular CLIC1cysL molecules with two fluorescent labels attached (as there are two
possible cysteine that could have been labelled), or two fluorescently labelled monomers
bound to the same antibody (which has two binding sites), or a dimer of two fluorescently
labelled CLIC monomers. It is more likely these double labelled species are dimers given
the low labelling efficiency of the protein (45%). Additionally, the presence of multiple
species (monomers and dimers) within the CLIC1cysL population is supported by the size
exclusion chromatography experiments which demonstrated that native CLIC1cysL eluted
from the column as a broad peak (Fig. 3.1C). In any case, a method to immobilise
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CLIC1cysL species to the surface of a coverslip was successfully developed for subsequent
use in a single-molecule fluorescence approach to visualise αBc-CLIC1cysL complexes.

Figure 3.2: Monomeric Alexa Fluor 647-labelled CLIC1cysL can be coupled to a coverslip
surface for single-molecule fluorescence imaging. (A) His-tagged AF647-CLIC1cysL (600 pM)
was immobilised to the surface of a glass coverslip and imaged using TIRF microscopy (example
image shown; scale bar = 5 µm). (B) Schematic of the technique to immobilise CLIC1cysL to the
surface of a glass coverslip. The technique exploited the His-tag on the C-terminus of CLIC1cysL
and a biotinylated anti-6X His-tag antibody covalently coupled to the glass coverslip via a biotinstreptavidin interaction. (C) Example time trace of the fluorescent intensity of an AF647CLIC1cysL with a single Alexa Fluor 647 fluorescent label fitted based on change-point analysis.
The change point analysis was used to calculate the initial intensity (I0) (green) and intensity of a
single-photobleaching step (Is) (blue) as indicated by the dotted lines on the example time trace.
Histograms showing the distribution of (D) I0 and (E) Is from AF647-CLIC1cysL molecules fit
with Gaussian distribution (red). This was used to determine the mean photo-bleaching initial
intensity (Is-mean) of a singular fluorophore. (F) Histogram showing the distribution of
fluorophores per point (FPP). FPP was calculated using the equation FPP = I0/Is-mean for each
AF647-CLIC1cysL identified in the TIRF images.

3.3.3 Fluorescent labelling of αBc for single-molecule imaging
To examine the formation of complexes between αBc and CLIC1cysL at the singlemolecule level a mutant form of αBc (αBcc176) was exploited that contains an additional
cysteine at the C-terminus allowing for the site-specific attachment of an Alexa Fluor 488
fluorophore.

metry measurements were performed to determine the effect of this
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mutation and the attachment of the fluorophore on the oligomeric assembly of αBc. Mass
photometry is a recently developed methodology capable of measuring the mass of single
proteins and the complexes they form in solution (Young, Hundt et al. 2018). This
microscopy-based methodology detects proteins by their light scattering as they bind nonspecifically to a cover glass surface. Each binding event results in a change in refractive
index at the glass/water interface, which alters the local reflectivity and can be detected
with high accuracy. This change is proportional to the molecular mass, with up to 20 kDa
mass resolution and 2% mass accuracy (Young, Hundt et al. 2018). Thus, given that
monomeric αBc is approximately 20 kDa, this technique is less sensitive to detecting
monomers compared to a TIRF-based single-molecule approach (previously discussed in
3.3.2). However, since mass photometry does not rely on examining the fluorescence of
oligomers, as is required for determining the size of oligomers using the TIRF-based
approach, mass photometry is able to accurately detect αBc oligomers larger than dimers
without having to account for photophysical changes in the fluorescence of molecules
due to αBc oligomerisation.
As expected when examined using mass photometry, unlabelled αBc wild type (WT) was
detected as two distinct populations of large (300-800 kDa) and smaller species (40-160
kDa) by mass photometry (Fig. 3.3A), consistent with previous native mass spectrometry
studies examining the oligomeric distribution of αBc (Aquilina, Benesch et al. 2003). The
addition of the C-terminal cysteine did not affect the oligomeric distribution of the protein
(Fig. 3.3B); however, the addition of the florescent dye to this cysteine did cause a shift
in the oligomeric distribution of αBcC176 towards smaller species of between 40-160 kDa
(dimers-8mers) (Fig. 3.3C). It is important to note that the detection limit for the mass
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photometer is such that it is unable to detect monomeric αBc (Young, Hundt et al. 2018),
and therefore the abundance of this species could not be determined using this technique.
The maximum effective concentration of fluorescently labelled proteins needed in singlemolecule fluorescence assays is generally limited to the low nanomolar range. Therefore,
to determine if the dilution of AF488-αBcC176 to concentrations required for singlemolecule measurements effects its oligomeric distribution, cross-linking of AF488αBcC176 was performed and the size distribution of oligomers determined at the singlemolecule level (Fig. 3.3D, E). SDS-PAGE confirmed the successful crosslinking of αBc
species as demonstrated by the multiple high molecular mass bands present on the gel
(Fig. 3.3F). Single-molecule analysis of the cross-linked AF488-αBcC176 showed it had a
slightly increased size distribution compared to the non-cross-linked control,
demonstrating that AF488-αBcC176 does decrease in terms of oligomer size upon dilution,
indicative of some dissociation of larger oligomers.

Interestingly, only one small

population of AF488-αBcC176 oligomers (monomers-8mers, corresponding to 22-176
kDa) was observed in all of the samples. This is contradictory to the mass photometry
measurements which showed two distributions, smaller and larger oligomers
corresponding to oligomer populations of dimers-10mers (22-220 kDa) and 20-40mers
(440-660 kDa), respectively. This suggests that our single-molecule approach is uniquely
sensitive to the detection of the smaller chaperone active species formed by αBc and is
less capable to detect the larger oligomers.
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3.3.4

Figure 3.3: Size distributions of αBc variants determined by mass photometry, singlemolecule analysis and SDS-PAGE. Size distributions of (A) αBcWT, (B) αBcC176 and (C) Alexa
Fluor 488-labelled αBcC176 (AF488- αBcC176) determined by mass photometry. Large oligomers
of αBc are seen in the range 300-800 kDa (white area), with smaller oligomeric species observed
for all three proteins at sizes less than 200 kDa (grey area). The percentage of large and small
oligomers is indicated for each variant. Samples (400 nM) were measured 30 min after dilution
from 2 µM and at room temperature. Fluorescent labelling leads to some dissociation of the large
oligomers, but the majority of AF488-αBcC176 monomers remain as large oligomers. Size
distributions of cross-linked or control AF488-αBcC176 at (D) 2 μM or (E) 10 μM AF488-αBcC176
determined by single-molecule analysis. AF488-αBcC176 at 2 µM or 10 µM were incubated in the
presence or absence of BS3 cross-linker for 30 min before the reaction was quenched with 50
mM glycine. Samples were diluted to 10 nM in phosphate imaging buffer and incubated for 10
min before being imaged on the surface of a coverslip using TIRF microscopy. (F) To confirm
the samples were successfully cross-linked, 10 μM AF488-αBcC176 of non-crosslinked and crosslinked samples were analysed via SDS-PAGE.

Optimisation of coverslip surface conditions for single-molecule imaging
In order to observe the fluorescent signal from a single molecule using a single-molecule
fluorescence approach, the background fluorescence originating from the surrounding
molecules in solution must be effectively eliminated. Therefore, it is essential to reduce
the amount of non-specific absorption of fluorescently labelled proteins within a singlemolecule image field of view. To reduce the non-specific absorption of AF488-αBcC176
to the surface of the glass coverslip, multiple surface conditions were screened. Based on
the surface conditions required for the immobilisation of CLIC1cysL, AF488-αBcC176 was
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incubated on a coverslip that had undergone a single round of PEG-biotinfunctionalisation (single PEG) before being washed and imaged using TIRF microscopy.
Washing of the coverslip surface with buffer prior to imaging was essential as it reduced
the non-specific binding of AF488-αBcC176 to the coverslip surface to an amount that
allowed individual AF488-αBcC176 species on the surface to be resolved. Post-washing, a
high number of AF488-αBcC176 species were still non-specifically absorbed to the
coverslip surface (Fig. 3.4A, B). An additional round of PEG-biotin-functionalisation
(double PEG) significantly reduced the number of AF488-αBcC176 species observed per
image (P < 0.0001). It has previously been reported that in addition to PEG-based surface
passivation, treatment of the surface with Tween20 can further increase the hydrophilicity
of the surface, and thus promote passivation efficacy (Pan, Xia et al. 2015). Based on this,
double PEG coverslips were treated with 1%, 2% or 4% (v/v) Tween20 for 20 min before
AF488-αBcC176 was incubated on the surface and washed. Tween20 treatment reduced
the number of AF488-αBcC176 molecules non-specifically absorbed to the surface;
however, this did not lead to a significant difference compared to the non-treated control.
As there was a trend towards a decrease in the amount of AF488-αBcC176 on the coverslip
following Tween20 treatment, double-PEG coverslips treated with Tween20 were used
in subsequent single-molecule measurements examining the interaction between αBc and
CLIC1cysL.
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Observation of the complexes formed between αBc and CLIC1cysL requires the
immobilisation of CLIC1cysL to the surface using an anti-6X His-tag antibody. Therefore,
it is critical that αBc does not bind to the antibody itself as this may mask αBc-CLIC1cysL
binding events. Thus, the level of background binding of αBc to the anti-His antibody
was assessed. There was no significant difference in the number of AF488-αBcC176
molecules bound to the coverslip in the presence or absence of the antibody, confirming
that AF488-αBcC176 does not bind non-specifically to the immobilised antibody under the
conditions tested (Fig. 3.4C).

Figure 3.4: Coverslip surface optimisation to reduce non-specific absorption of αBc.
Microfluidic flow cells were constructed using coverslips that had undergone either one (single
PEG) or two rounds (double PEG) of PEG-biotin-functionalisation. Double PEG flow cells were
incubated in the presence or absence of 1%, 2% or 4% (v/v) Tween20 in phosphate imaging buffer
(pH 7.4) for 20 min at room temperature. Double PEG coverslips that were incubated with 2%
(v/v) Tween20 were further treated with neutravidin to facilitate the immobilisation of an anti6X His-tag antibody (1 µg/mL) that was incubated in the flow cell for 10 min. AF488-αBcC176
(20 nM) was incubated in all flow cells for 5 min and then washed with imaging buffer containing
an oxygen scavenger system. (A) Example images taken using TIRF microscopy of the nonspecific absorption of AF488-αBcC176 to single PEG (left), double PEG (middle) and double PEG
with 1% (v/v) Tween20 treated coverslips (scale bar = 5 µm). (B) The number of AF488-αBcC176
foci per image for each coverslip treatment type. Comparisons of treatment groups were
performed via a one-way ANOVA with subsequent post hoc testing using a Tukey’s test (P values
indicated). (C) The number of AF488-αBcC176 foci per image for double-PEG, 2% (v/v) Tween20
treated coverslips in the absence (Control) or presence (Antibody) of the surface immobilised
anti-6X His-tag antibody. Comparisons of the treatment groups were performed via a student’s ttest. A P value of less than 0.05 was considered significant. All data are reported as mean ± SEM
of images collected from two independent experiments.
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3.3.5 Visualisation of complexes formed between αBc and CLIC1cysL at the
single-molecule level
In order to visualise the association of αBc to heat destabilised CLIC1cysL at the singlemolecule level two approaches were compared (Fig. 3.5A). The first method relied on
αBc-CLIC1cysL complexes forming in situ on the surface of a coverslip by immobilising
(via the His-tag on CLIC1cysL, as previously described) and heating AF647-CLIC1cysL to
42⁰C to promote its misfolding. AF488-αBcC176 was then added to the system and
incubated at 42⁰C to promote association and complex formation with surface
immobilised AF647-CLIC1cysL. The coverslip was subsequently washed to remove any
non-specifically bound αBc molecules from the surface and then imaged using TIRF
microscopy (Fig. 3.5B). Several conditions were screened in order to promote the
formation of complexes in situ using this method. These included varying the
concentration of αBc incubated with CLIC1cysL, the time period of the incubation at 42⁰C
and the addition of crowding agents or salt to promote complex formation (Fig. 3.5C).
The amount of complex formation between αBc and CLIC1cysL was assessed by
determining the percentage of CLIC1cysL molecules colocalised with αBc within each
TIRF image. A non-heated control in which αBc was incubated in the presence of
immobilised CLIC1cysL that was not heated (i.e. remained at room temperature) was found
to contain approximately 2% of CLIC1cysL molecules that were colocalised with αBc.
This percentage of colocalisation was therefore compared to all other screening
conditions in order determine whether any significant increase in colocalisation occurred
as a result of the heat-induced unfolding of CLIC1cysL and subsequent binding of αBc.
Whilst a small increase in the percentage of CLIC1cysL molecules colocalised with αBc
was observed with increasing concentration of αBc (1-15 µM), these changes were not
statistically significant compared to the non-heated control. Similarly, increasing the
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length of the incubation time (0-60 min) or the addition of the crowding reagent (10%
w/v PEG8000) during the incubation period between CLIC1cysL and αBc did not increase
the percentage colocalisation between CLIC1cysL molecules and αBc. Whilst, the addition
of salt (150 mM NaCl) to the buffer did increase the percentage of CLIC1cysL colocalised
with αBc (to approx. 7%), this again was not significantly different to the non-heated
control, due mainly to the variability between images resulting in a high standard
deviation in these samples.
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Figure 3.5: Visualising complexes between CLIC1 and αBc at the single molecule level. (A)
Schematic of the two methods trialled to form and visualise complexes between CLIC1cysL and
αBc at the single-molecule level. For method 1: AF647-CLIC1cysL (400 pM) was added directly
to the flow cell, immobilised to the surface of PEG-biotin functionalised coverslip and
subsequently incubated with AF488-αBcC176 in phosphate imaging buffer (pH 7.4) at 42⁰C. For
method 2: A stock of AF647-CLIC1cysL (1 µM) was incubated with AF488-αBcC176 (2 µM) in 50
mM phosphate buffer (pH 7.5) at 42⁰C and subsequently diluted (1:1000) for immobilisation and
imaging at the single-molecule level. (B) Representative TIRF microscopy images from the two
methods of complex formation: single-molecule images (method 1) and bulk images (method 2).
(C) The percentage of AF647-CLIC1cysL colocalised with AF488-αBcC176 per image when
AF647-CLIC1cysL was incubated with AF488-αBcC176 under varying conditions and visualised at
the single-molecule level, as per method 1. Experiments to optimise the number of complexes
able to be visualised using this approach included increasing the concentration of AF488-αBcC176
(1-15 µM) incubated with AF647-CLIC1cysL, increasing the incubation time (0-60 min), or
including 10% (w/v) PEG8000 or 150 mM NaCl in the incubation buffer. (D) The percentage of
AF647-CLIC1cysL colocalised with AF488-αBcC176 per image when the proteins were incubated
together in solution, as per method 2. All data are reported as mean ± SD of images collected.

Since αBc and CLIC1cysL complex formation was not able to be observed at the singlemolecule level under the conditions described above, an alternate approach was explored
that relied on first forming complexes at higher concentrations in solution and then
diluting them so they could be visualised at the single-molecule level. To do so, AF647CLIC1cysL and AF488-αBcC176 were first incubated together at room temperature or 42⁰C
for 20 hr. Samples were then diluted and immediately immobilised to the coverslip
surface (via the His-tag on CLIC1cysL) for TIRF imaging (Fig. 3.5A). When incubated
together at 42⁰C, αBc was observed to colocalise with CLIC1cysL molecules (Fig. 3.5B),
indicative of the formation of stable complexes as shown in the size-exclusion
chromatography experiments (Fig. 3.1C, D). Analysis of the complexes observed in the
images revealed that approximately 40% of CLIC1cysL molecules were colocalised with
αBc (Fig. 3.5D). These results were consistent with the size exclusion chromatography
experiments demonstrating that when CLIC1cysL was incubated in the presence of αBc at
a high temperature, not all of the CLIC1cysL within the sample became misfolded or
insoluble (Fig. 3.1C, D). Thus, the 60% of CLIC1cysL molecules observed in the single-
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molecule measurements that were not bound to αBc could represent a population of
soluble CLIC1cysL that do not misfold under these conditions. When αBc and CLIC1cysL
were incubated together at room temperature before dilution and imaging, only 5% of the
CLIC1cysL molecules were observed to colocalise with αBc demonstrating that the
formation of complexes was specifically due to the heating of CLIC1cysL (Fig. 3.5D).
Therefore, taken together, these results demonstrated that this method can be used to
directly observe complexes formed between heat-destabilised CLIC1cysL and αBc at the
single-molecule level.
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3.4 Discussion
The dynamic and heterogeneous nature of the interactions between sHsps and their client
proteins have made the study of their chaperone function difficult using traditional bulk
ensemble-averaging measurements. Therefore, the primary aim of the work described in
this chapter was to develop a single-molecule fluorescence-based approach to observe the
interaction between the sHsp, αBc and a misfolding client protein. By characterising,
developing and employing CLIC1cysL as a novel sHsp client for the study of sHsps at the
single-molecule level, sHsp-client protein complexes have, for the first time, been directly
visualised using a single-molecule fluorescence approach.
In this work it was demonstrated that αBc is able to inhibit the heat-induced aggregation
of CLIC1cysL and, in doing so, form complexes with the aggregation-prone protein. More
specifically, the light scattering assays demonstrated the concentration-dependent
inhibition of CLIC1cysL aggregation by αBc in a manner similar to that reported for a
range of other amorphously aggregating client proteins (Rajaraman, Raman et al. 2001,
Ecroyd, Meehan et al. 2006). Size-exclusion chromatography and TIRF microscopy
demonstrated the formation of αBc-CLIC1cysL complexes during incubation. This
observation is consistent with the well-established ability of sHsps to prevent the
amorphous aggregation of client proteins via the formation of high-molecular mass
complexes (Lindner, Kapur et al. 1997, Stromer, Ehrnsperger et al. 2003, Regini, Ecroyd
et al. 2010). Taken together, these results demonstrate that CLIC1 can be used as a model
protein to examine the capacity of chaperone proteins to prevent aggregation. Moreover,
CLIC1 has the potential to be employed in single-molecule based approaches to examine
the chaperone function of αBc.
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In order to examine the interaction between αBc and a misfolded client protein at the
single-molecule level, a single-molecule fluorescence-based approach employing
CLIC1cysL was developed. CLIC1cysL was selected as a suitable client over other
amorphously aggregating sHsp clients as it possesses several important attributes. First,
CLIC1cysL can be easily expressed in bacteria yet is aggregation-prone at physiologically
relevant temperatures (37-42⁰C, normal to high body temperatures such those reached
during fever and hyperpyrexia (Dinarello and Porat 2018)) that are also amenable for realtime imaging using TIRF microscopy. Second, CLIC1cysL is suitable for fluorescent
labelling using maleimide coupled dyes as it contains only two cysteine residues; one
within the active site (C24) and one on a flexible alpha helix within the protein (C59).
Third, CLIC1cysL is reported to be predominately monomeric under native conditions
(Harrop, DeMaere et al. 2001, Ding, Ren et al. 2002), therefore making it suitable for
immobilisation and observation of its interaction with sHsps at the single-molecule level.
Interestingly, analysis of the size of native CLIC1cysL using size exclusion
chromatography showed a bimodal peak suggesting that CLIC1cysL was present as not
only monomers but also larger species. These larger species are most likely dimers as it
has been reported that upon oxidation CLIC1 is able to form a non-covalent, soluble dimer
via an intra-domain disulphide between C24 and C59 residues (Goodchild, Howell et al.
2009). However, since the fluorescent labelling of CLIC1cysL was performed under
reducing conditions and the fluorophores were covalently attached to either of these
cysteine residues, it is unlikely that CLIC1cysL formed dimers following labelling. This is
consistent with our observations of predominately monomers of immobilised
fluorescently labelled CLIC1cysL at the single-molecule level.
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Whilst CLIC1cysL was primarily monomeric when bound to the coverslip surface, there
was a small proportion (6.5%) that contained two fluorophores. Given the unlikelihood
of intra-domain dimer formation following fluorescent labelling, these species are likely
to be either double-labelled monomers (both cysteines were covalently coupled to one
dye molecule each) or two singularly-labelled monomers bound to the same antibody
(since each antibody two possible antigen-binding sites). Either way, fluorescent labelling
of CLIC1cysL primarily resulted in monomeric species and these could be immobilised on
the surface of a coverslip for single-molecule fluorescence imaging.
Fluorescent labelling of αBc was required in order to observe its interaction with
CLIC1cysL at the single-molecule level. Mass photometry demonstrated that at the
concentrations used in this work, unlabelled αBc is present as two distinct oligomeric
populations; large oligomers containing 20-40 subunits, and smaller species containing
up to 10 subunits. This is consistent with previous native mass spectrometry studies
examining the oligomeric distribution of αBc (Aquilina, Benesch et al. 2003); however,
an advantage of single-molecule methods (including mass photometry) over native mass
spectrometry for examining the oligomeric distribution of sHsps is that single-molecule
methods enable this to be assessed at lower concentrations. The mass photometry
measurements revealed that addition of the fluorescent dye resulted in an increase in the
proportion of small αBc oligomers. Unfortunately, given the current detection limit of
mass photometry (approx. 40 kDa) and the monomeric mass of αBc (approx. 20 kDa)
(Soltermann, Foley et al. 2020), the proportion of monomeric species within the oligomer
population was not able to be determined using this technique alone. Comparing the mass
photometry measurements with the size-distribution of αBc observed by the singlemolecule fluorescence indicates that the single-molecule fluorescence approach is
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uniquely suited for the detection of small oligomeric species, including monomers that
are unable to be detected in the mass-photometry measurements. Given that these small
oligomers of sHsps have been reported to be the chaperone active species (Ecroyd,
Meehan et al. 2006, Hayes, Napoli et al. 2009, Peschek, Braun et al. 2013, Jovcevski,
Kelly et al. 2015), the single-molecule fluorescence-based approach is very well suited to
examining the initial binding events between these small sHsp oligomers and
aggregation-prone proteins.
Whilst TIRF microscopy reduces background fluorescence of samples by restricting the
illumination volume to ~100 nm above a glass surface (Schneckenburger 2005),
observations of protein interactions between fluorescently labelled binding partners
within this volume requires low non-specific absorption of these proteins to the glass
surface. Therefore, in order to observe the interaction between immobilised CLIC1 and
αBc, coverslip surface conditions were optimised to reduce the non-specific absorption
of fluorescently labelled αBc. Initially, surfaces were treated with a single round of PEGbiotin-passivation as this is the most commonly used method to generate an inert surface
for single-molecule measurements (Visnapuu, Duzdevich et al. 2008) and it also allows
for the immobilisation of CLIC1 via a biotinylated anti-His antibody. Despite this
treatment, a high number of αBc species were observed non-specifically bound to the
coverslip surface following incubation and washing to remove unbound molecules. It has
been shown that the density of the PEG coating on the surface is critical for preventing
non-specific absorption of proteins (Malmsten, Emoto et al. 1998); therefore, an
additional round of PEG-biotin-functionalisation was performed. In accordance with this,
the number of αBc species observed on the surface was significantly reduced compared
to coverslips which had undergone a single-round of PEG-biotin-passivation. However,
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the number of non-specifically surface bound species of αBc was still relatively high
(approx. 80 molecules per field of view) under these experimental conditions.
Whilst the addition of BSA to reaction buffers is a commonly used method to decrease
non-specific absorption of proteins to surfaces (Visnapuu, Duzdevich et al. 2008), it was
not employed in this study as there is evidence that BSA has chaperone-like
characteristics in some thermal aggregation assays (Marini, Moschini et al. 2005) and it
has also been previously used a client to examine the chaperone activity of sHsps in
amorphous aggregation assays (Jovcevski, Kelly et al. 2015). Instead, coverslips were
treated with Tween20, which did slightly reduce the number of αBc species bound to the
surface, however this was not statistically significant. This was surprising as it has been
reported that incubation of surfaces with Tween20 increases the hydrophilicity of PEG
surfaces and promotes passivation efficacy 5- 10 fold (Pan, Xia et al. 2015). Increasing
the amount of Tween20 (1-4% (w/v)) did not significantly decrease the number of αBc
species observed, in accordance with a pervious study that found that 1-5% (w/v) of
Tween-20 showed similar passivation (Pan, Xia et al. 2015). However, given that there
was a slight reduction in passivation following incubation with Tween20 and that this
method of coverslip treatment was simple, inexpensive and relatively fast, this method
was adopted in subsequent single-molecule fluorescence-based assays examining the
interaction between CLIC1 and αBc.
In this study, two single-molecule fluorescence-based approaches were examined for
their potential capacity to enable observation of complexes formed between αBc and
CLIC1cysL. The first approach involved immobilising CLIC1cysL to a coverslip surface and
then heating it in the presence of αBc. The rationale here was that it may be possible to
directly form complexes between heat-destabilised CLIC1cysL and αBc in situ such that
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they could be studied as they formed. However, only a very low number of CLIC1cysLαBc complexes could be observed using this approach. Moreover, varying the conditions
of incubation, including increasing the concentration of αBc, increasing the co-incubation
time at 42⁰C, adding a macromolecular crowding agent, or increasing the salt
concentration, did not significantly increase the number of CLIC1cysL-αBc complexes
observed. The lack of complex formation under these conditions could be attributable to
several factors. First, as single-molecule fluorescence experiments require low
concentrations of fluorescently labelled proteins (van Oijen 2010), the highest
concentration of αBc able to be used in this method (15 nM), therefore complexes that
were formed at this concentration may have disassociated upon dilution, due to fast
dissociation kinetics. Second, although coverslip surface conditions were optimised to
reduce the non-specific absorption of αBc, additional washing of the surface with buffer
prior to imaging was essential to further reduce background fluorescence. This meant that
only stable interactions between αBc and CLIC1cysL that were present post-washing were
able to be observed.
Whilst sHsps are traditionally classified as “holdase” proteins, αBc has been shown to
form stable complexes with highly hydrophobic precipitation-bound intermediates of αlactalbumin, as well as to interact transiently with less hydrophobic misfolded species of
α-lactalbumin (Lindner, Kapur et al. 1997, Lindner, Treweek et al. 2001, Regini, Ecroyd
et al. 2010, Kulig and Ecroyd 2012). Therefore, the type of interaction αBc has with a
client protein is likely to be dictated by the amount of solvent-exposed hydrophobicity of
the client during its denaturation. Since heated CLIC1cysL is immobilised as a monomer
onto the surface of a coverslip, these species may have a lower degree of solvent exposedhydrophobicity or may be less competent for binding compared to CLIC1cysL species in
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solution. Moreover, if interactions between αBc and heat-destabilised monomeric
CLIC1cysL at the coverslip surface are transient, the obligatory washing of the coverslip
surface prior to imaging would prevent observation of these interactions. As such, it
remains to be resolved whether αBc recognises and interacts with immobilised heatdestabilised monomeric CLIC1cysL. Given these limitations, further development is
required if a single-molecule fluorescence methodology based on forming and visualising
sHsp-client protein complexes in situ is to be pursued. Considering that the concentration
barrier of these experiments is the greatest limitation in the development of this type of
approach, recent advances in technology and methods that overcome the concentration
barrier of single-molecule fluorescence imaging may provide a fruitful way forward for
these types of assays (advances reviewed in Holzmeister, Acuna et al. (2014)).
The second single-molecule approach examined in this work involved forming complexes
between αBc and CLIC1cysL in solution, and at higher concentrations, and then capturing
these complexes prior to imaging. This approach proved successful, such that αBc-client
protein complexes were, for the first time, able to be directly observed. Interestingly,
following incubation and dilution of samples, we observed that not all CLIC1cysL species
(approx. 60%) were bound to αBc. These results mirrored the analysis of incubated
samples of αBc and CLIC1cysL via size exclusion chromatography, which demonstrated
that, under similar conditions, not all soluble CLIC1cysL was incorporated into the highmolecular mass complexes with αBc. This suggests that under these incubation conditions
a subset of CLIC1cysL species remain in a soluble, stable form, and thus do not interact
with αBc. This finding is consistent with previous studies examining the interaction
between αBc and other amorphous client proteins, which have shown that, under
denaturing conditions, a population of the client proteins are maintained in a soluble,
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stable form, without being incorporated into high molecular mass complexes (Bettelheim,
Ansari et al. 1999, Regini, Ecroyd et al. 2010, Kulig and Ecroyd 2012). The complexes
formed between αBc and CLIC1cysL that were observed at the single-molecule level were
visually heterogeneous in nature, as evidenced by size differences of foci in both the
CLIC1cysL and αBc channels. This was unsurprising given the polydispersity of αBc and
the heterogeneous nature of complexes it forms with other previously studied amorphous
client proteins (Regini, Ecroyd et al. 2010, Kulig and Ecroyd 2012).
Overall, the results presented in this chapter demonstrate that CLIC1cysL is a suitable
model client protein for examining chaperone activity. The heterogeneity of the
complexes formed between mammalian sHsps and client proteins has made the study of
these complexes difficult using traditional ensemble averaging techniques. Thus, despite
many studies examining the nature of these sHsp-client complexes, the precise
mechanism by which these complexes form still remains unclear. Here CLIC1cysL was
successfully employed to visualise the complexes formed between αBc and a client
protein for the first time at the single-molecule level. Whilst two approaches were
investigated to visualise these complexes - in situ complex formation and immobilisation
of complexes formed in solution at higher concentrations - due to the concentration barrier
of single-molecule fluorescence imaging, only the latter approach was successful.
Nevertheless, this approach has the potential to be further developed in conjunction with
subunit counting of fluorescently labelled proteins (Coffman and Wu 2012) in order to
structurally characterise sHsp-client protein complexes. Additionally, this approach could
be employed to examine the nature of complexes that other polydisperse sHsps, such as
Hsp27, form with CLIC1 in order to provide insight into whether the mechanisms by
which polydisperse sHsps interact with a client protein are common to other sHsps.
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Examining sHsp-client protein complexes in detail is essential in order to gain further
important insights into precisely how these molecular chaperones prevent protein
aggregation.
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4.1 Introduction and rationale
It is well established that sHsps can form complexes with misfolded clients to prevent
their aggregation (Lindner, Kapur et al. 1997, Stromer, Ehrnsperger et al. 2003, Regini,
Ecroyd et al. 2010). Studies of monodisperse sHsps from plants (e.g. Hsp18.1 and
Hsp16.9), using techniques that include size exclusion chromatography, electron
microscopy and native mass spectrometry, have provided important stoichiometric and
mechanistic information on the end-stage complexes that these sHsps form with client
proteins (Lee, Roseman et al. 1997, van Montfort, Basha et al. 2001, Basha, Lee et al.
2004, Friedrich, Giese et al. 2004, Stengel, Baldwin et al. 2010, Stengel, Baldwin et al.
2012). However, very little is known about the complexes formed between polydisperse
mammalian sHsp isoforms and their clients. It has been postulated that for polydisperse
sHsps, the initial encounter with client proteins is mediated by smaller sHsp oligomers,
which have enhanced chaperone activity as a result of increased exposed hydrophobicity
and, therefore, a greater affinity for misfolded and aggregation-prone proteins (Giese and
Vierling 2002, Shashidharamurthy, Koteiche et al. 2005, McHaourab, Godar et al. 2009,
Santhanagopalan, Degiacomi et al. 2018). Nevertheless, the initial encounter of a sHsp
with an aggregation-prone client protein has never been observed. Thus, it remains
unclear precisely how sHsps capture misfolded proteins to form the sHsp-client
complexes observed as a result of their chaperone action.
The work in this chapter exploits and further develops the single-molecule fluorescencebased approach described in Chapter 3 in order to determine the stoichiometries of
complexes formed between aBc and CLIC1, and measure how these complexes change
over time. To do so, a CLIC1 isoform containing a singular cysteine for site specific
fluorescent labelling (CLIC1C24) was generated and its heat-induced amorphous
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aggregation was characterised in the presence and absence of aBc using ensemble and
single-molecule fluorescence-based measurements. Ultimately, the results from this
chapter provide evidence of a two-step mechanism of sHsp-client interaction and provide
fundamental insights into the molecular mechanisms by which sHsps interact with client
proteins to prevent aggregation as part of proteostasis.
4.2 Methods
4.2.1 In vitro aggregation assays
In vitro aggregation assays were performed to assess the ability of αBcWT and αBcC176 to
inhibit the amorphous aggregation of CLIC1C24. CLIC1C24 (30 μM) was incubated in 50
mM phosphate buffer (pH 7.4) supplemented with 10 mM DTT in the presence or absence
of varying molar ratios of αBc (1:0.5-1:64, αBc:CLIC1). CLIC1C24 incubated in the
presence of SOD1 at a 1:0.5 molar ratio (SOD1:CLIC1) acted as a control for the
chaperone-specific inhibition of CLIC1C24 aggregation. Samples were prepared in
duplicate in a Greiner Bio-One 384-well microplate (Greiner Bio One, Freickenhausen,
Germany) and sealed to prevent evaporation. The aggregation of CLIC1C24 at 37˚C for
20 hr was monitored by measuring the light scatter at 340 nm using a FLUOstar Optima
plate reader. To quantify the ability of the αBc variants to prevent CLIC1C24 aggregation,
the percent inhibition of aggregation was calculated using the formula: % inhibition =
((ΔIc - ΔIs)/ ΔIc) × 100, where ΔIc and ΔIs are the change in absorbance in the absence
and presence of chaperone at the end of the assay, respectively. The percent inhibition of
aggregation afforded by the αBc variants is reported as the mean ± S.D. of three
independent experiments.
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4.2.2 Coverslip preparation and immobilisation of samples for smFRET
and two-colour TIRF microscopy flow
Microfluidic cells were constructed with a PEG-biotin-functionalised coverslip (see
section 2.5.1). An anti-6X His-tag antibody (1 µg/mL) was immobilised to the coverslip
surface as previously described (see section 3.2.3). Coverslips were subsequently treated
with 2% (v/v) Tween20 for 20 min to reduce the non-specific absorption of proteins (see
section 3.2.7) and finally washed with phosphate imaging buffer.
4.2.3 smFRET sample preparation, instrument setup and data analysis
To confirm that αBcC176 formed complexes with aggregating CLIC1C24, smFRET
experiments were performed. In order to do, CLIC1C24 was labelled with an Alexa Fluor
555 donor maleimide fluorophore (AF555-CLIC1C24), and αBcC176 was labelled with an
Alexa Fluor 647 maleimide acceptor fluorophore (AF647-αBcC176) as previously
described (see section 2.4). Following this, AF555-CLIC1C24 (1 μM) was incubated in the
presence of AF647-αBcC176 (2 μM) for 20 hr at 37°C in 50 mM phosphate buffer (pH
7.4). The sample was then diluted 1:1000 in phosphate imaging buffer and immediately
loaded into a microfluidic flow cell for TIRF microscopy imaging. Single-molecule
measurements were performed at room temperature (approx. 20 ̊C) on a custom-built
TIRF microscope with a Sapphire, green (532 nm) laser (see section 2.6.2). Images were
acquired every 200 msec and single-molecule fluorescence intensity time trajectories
from multiple fields of view were generated and analysed using Matlab-based software
(MASH- FRET) (Hadzic, Kowerko et al. 2016).
4.2.4 Single-molecule characterisation of the surface binding of heated
AF647-CLIC1C24
CLIC1C24 was labelled with an Alexa Fluor 647 maleimide fluorophore (AF647CLIC1C24) targeting the single cysteine within the protein (C24). Labelling was carried
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out as previously described (see section 2.4). The concentration and degree of labelling
was determined using UV absorbance at 650 nm with an extinction coefficient of 0.55
mg-1 ml cm-1 and calculated to be 96%. To investigate the ability of heated fluorescently
labelled CLIC1C24 to bind to the surface immobilised anti-6X His-tag antibody, AF647CLICC24 (1 μM) was incubated at 37°C for 2 hr in 50 mM phosphate buffer (pH 7.4). The
sample was subsequently diluted 1:1000 into phosphate imaging buffer and immediately
loaded into microfluidic flow cells that had been incubated in the presence or absence of
the anti-6X His-tag antibody (1 μg/ml). Following a 10 min incubation, the flow cells
were washed with phosphate imaging buffer containing an OSS to remove unbound
proteins and immediately imaged with the red (637 nm) laser. The number of foci per
field of view (FOV) and the fluorescent intensity of each foci was calculated. The number
of foci per FOV for each treatment group is reported as the mean ± standard deviation (n
= 12). The fluorescent intensity of AF647-CLIC1C24 species in the treatment groups are
presented as violin plots showing the kernel probability distribution, median and
interquartile range.
In order to examine the binding efficiencies of folded and thermally destabilised
CLIC1C24 to the surface immobilised anti-6X His-tag antibody, AF555-labelled CLIC1C24
(1 μM) was incubated at 37°C (heated) for 2 hr in 50 mM phosphate buffer (pH 7.4).
AF647-labelled CLIC1C24 (1 μM) was incubated with heated or non-heated AF555CLIC1C24 (1 μM) in 50 mM phosphate buffer (pH 7.4) on ice for 5 min. Samples were
diluted 1:1000 in phosphate imaging buffer and immediately loaded into flow cells
constructed with functionalised coverslips containing a surface immobilised anti-6X Histag antibody. Samples were incubated for 10 min before being washed with phosphate
imaging buffer containing an PCA-PCD oxygen scavenger system (PCA-2.5 mM, PCD-
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50 nM). Samples were imaged with a red (637 nm) laser until all visible foci were
photobleached followed by a green (532 nm) laser. This prevented any FRET occurring
between the two fluorescently labelled CLIC1C24 species. The number of AF647CLIC1C24 and AF555-CLIC1C24 foci in each image was counted and corrected to account
for differences in the labelling efficiencies of AF647-CLIC1C24 (86%) and AF555CLIC1C24 (73%). These values were then used to calculate the relative abundance of each
fluorescently labelled CLIC1C24 per FOV.
4.2.5 Single-molecule two-colour sample preparation
Two-colour TIRF microscopy was used to characterise the complexes formed between αBcC176
and CLIC1C24. To determine how the stoichiometries of αBc-CLIC1 complexes change over time,
1 μM AF647-CLIC1C24 was incubated in 50 mM phosphate buffer (pH 7.4) at 37°C for 10 hr in
the presence of 2 μM AF488-αBcC176. Aliquots were taken from the reaction at 0, 0.25, 0.5, 0.75,
1, 4, 8 and 10 hr for single-molecule imaging. To examine the effect of chaperone concentration
on the stoichiometries of αBc-CLIC1 complexes, AF647-CLIC1C24 (1 μM) was incubated under
the same conditions as described above except in the presence of varying molar ratios of AF488αBcC176 (0.25:1, 0.5:1, 1:1, 2:1 and 4:1 [αBc:CLIC1]) for 8 hr. All samples were diluted 1:1000
into phosphate imaging buffer and immediately loaded into flow cells for imaging. Samples were
incubated for 10 min before being washed with phosphate imaging buffer containing a PCA-PCD
oxygen scavenger system.

4.2.6 Cross-linking and TIRF imaging of αBc-CLIC1C24 complexes
αBcC176-CLIC1C24 complexes were prepared by incubating 1 μM Alexa Fluor 647labelled CLIC1C24 (AF647-CLIC1C24) in 50 mM phosphate buffer (pH 7.4) in the
presence of 2 μM AF488-αBcC176 at 37°C for 2 hr. A non-heated control sample
containing 1 μM AF647-CLIC1C24 and 2 μM AF488-αBcC176 was also prepared and
incubated at room temperature. After 2 hr, all samples were further incubated at room
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temperature in the presence or absence of a 50 molar excess of BS3 cross-linker (Thermo
Fisher Scientific, Waltham, MA) for 30 min. Following incubation, non-reacted crosslinker was quenched with the addition of 50 mM glycine.
Samples containing both cross-linked and control αBcC176 and CLIC1C24 were diluted
1:1000 into phosphate imaging buffer and incubated in flow cells made from PEG-biotinfunctionalised coverslips and incubated for 10 min. Samples were subsequently washed
with phosphate imaging buffer containing a PCA-PCD oxygen scavenger system and
were imaged using two-colour TIRF microscopy (see section 2.6.1).
4.2.7 Two-colour TIRF microscopy data and statistical analysis
Images were corrected for electronic offset and inhomogeneity of the excitation beam
laser as previously described (see section 2.7.3) before the intensity time trajectories of
these foci were generated for all fluorescent molecules using custom-written scripts in
Fiji. The initial fluorescence intensity (I0) was calculated by averaging the first 20
intensity values for all fluorescent proteins identified. Fluorescent trajectories of
molecules with distinct photobleaching events for AF647- CLIC1C24 and AF488-αBcC176
were manually identified and were fit by change-point analysis (Watkins and Yang 2005,
Young, Hundt et al. 2018) to determine the fluorescent intensity of each singlephotobleaching event (Is). These Is values were then collectively fit to a Gaussian
distribution from which the mean intensity of a single photobleaching event (Is-mean) was
calculated. The Is-mean values were then used to calculate the number of fluorescentlylabelled proteins per point (FPP) using the equation FPP = I0/Is-mean. At each treatment
point (timepoint or concentration) FPP for AF647-CLIC1C24 or AF488-αBcC176 were
combined to determine oligomer size distributions. Herein oligomer size refers to the
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number of subunits of a given protein in an oligomer (i.e. for a single complex that
contains 5 AF647-CLIC1C24 subunits, the CLIC1C24 oligomer size for that complex is 5).
These oligomer sizes are presented as violin plots showing the kernel probability
distribution, median and interquartile range for each treatment. As fluorophores can selfquench when present at very high local concentrations, complexes that contained more
than 20 subunits of CLIC1C24 or αBcC176 were excluded from this detailed analysis of
subunit architecture. Importantly, the maximum proportion of species present in solution
that were not able to be characterised in detail was 12%; this was for the sample
containing αBcC176 and CLIC1C24 incubated for 10 hr at 37°C at a molar ratio of 2:1
(αBcC176:CLIC1C24) (data not shown).
All plots were generated, and statistical analyses were performed, using Prism8
(GraphPad, CA, USA). Data were analysed via student’s t-test or an ANOVA with
subsequent Kruskal-Wallis tests followed by Dunn’ s multiple comparisons (P values are
given, whereby a P value of less than 0.05 was considered statistically significant).
Stoichiometries of complexes were calculated by pairing of colocalised FPP for AF647CLIC1C24 and AF488-αBcC176. Heatmaps were generated in MATLAB using homewritten scripts.
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4.3 Results
4.3.1 αBc inhibits the heat-induced amorphous aggregation of CLIC1C24
To characterise the nature of the physical interaction between CLIC1 and αBc at the
single-molecule level, a CLIC1 isoform (CLIC1C24) was generated that contains a
mutation of one of the native tryptophan residues to phenylalanine (W23F) and mutations
of five of the native cysteines to alanines (C59A, C89A, C178A, C191A, C223A). The
remaining cysteine (C24) was not modified so it could be exploited for site-specific
fluorescent labelling. Before CLIC1C24 was fluorescently labelled and exploited for the
study of sHsp function at the single-molecule level, the ability of αBc to prevent its heatinduced amorphous aggregation was assessed. The incubation of CLIC1C24 resulted in a
significant increase in light scattering at 340 nm over 20 hr, indicative of aggregation
(Fig. 4.1A, C). In the presence of αBcWT or αBcC176 (a mutant form αBc that can be sitespecifically labelled with a fluorophore for single-molecule imaging) there was a
concentration-dependent reduction in the rate and overall amount of light scatter (Fig.
4.1B, D). The specificity of this effect was demonstrated by the negative control (using
the non-chaperone protein SOD1) not inhibiting the increase in light scatter associated
with the aggregation of CLIC1C24 (Fig. 4.1A). Thus, as previously observed for CLIC1cysL
(see section 3.3.1), mild heating at 37°C leads to the destabilisation and aggregation of
CLIC1C24, and both αBcWT and αBcC176 are able to inhibit this process.
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Figure 4.1: αBc inhibits the aggregation of CLIC1C24. Recombinant CLIC1C24 was incubated
at 37°C for 20 hr in the presence or absence of varying molar ratios of (A) αBcWT or (C) αBcc176
(1:0.5 to 1:64, CLIC1:αBc). SOD1 was used as a non-chaperone control protein at a molar ratio
of 1:0.5 (CLIC1:SOD1). The aggregation of CLIC1C24 was monitored by measuring the change
in light scatter at 340 nm over time. The percentage protection afforded by varying molar ratios
of (B) αBcWT or (D) αBcc176 against CLIC1C24 aggregation, reported as mean ± standard deviation
of three independent experiments (n = 3).

4.3.2 Examining the interaction of αBc with CLIC1C24 via single-molecule
FRET
To characterise the nature of the physical interaction between CLIC1 and αBc, a singlemolecule FRET (smFRET) based approach was utilised that allows interactions between
biomolecules to be observed (at separations of 2-10 nm). To perform smFRET on
complexes formed between CLIC1 and αBc, CLIC1C24 was site-specifically labelled with
an Alexa Flour 555 donor fluorophore and αBcC176 was site-specifically labelled with an
Alexa Flour 647 acceptor fluorophore. Donor (AF555) labelled CLIC1C24 and acceptor
(AF647) labelled αBcC176 were then incubated together at 37°C for 20 hr and immobilised
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on a functionalised coverslip for TIRF microscopy (Fig. 4.2A). Complexes containing
co-localised CLICC24 and αBcC176 were observed at the single-molecule level (Fig. 4.2B)
and the approximate time-FRET traces were calculated using the donor and acceptor
fluorescence time-intensity traces (Fig. 4.2C). The time-FRET trajectories initially
displayed high FRET efficiencies, which gradually decreased over time, likely due to the
photobleaching of multiple fluorophores within the αBcC176-CLIC1C24 complexes (Fig.
4.2D). Analysis of the initial FRET efficiencies of αBcC176-CLIC1C24 complexes prior to
photobleaching showed these complexes had a high FRET efficiency (0.8-1) and
therefore were in close proximity, consistent with a stable interaction between αBcC176
and heat-destabilised CLIC1C24 (Fig. 4.2E). However, the complexity of these smFRET
traces, as a result of multiple donor and acceptor fluorophores within the complexes,
means calculation of accurate distances between acceptor and donor fluorophores and the
precise stoichiometries of αBcC176 and CLIC1C24 cannot readily be determined using this
approach.
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Figure 4.2: αBc binds and inhibits the amorphous aggregation of CLIC1 by forming stable
client-chaperone complexes. (A) Schematic of complex formation and surface immobilisation
of complexes formed between AF555-CLIC1C24 and AF647-αBcC176 for smFRET experiments.
(B) Representative z-stack TIRF microscopy images of AF555-CLIC1C24 and AF647-αBcC176
complexes. Scale bar = 5 µm. (C) A representative smFRET trace of the fluorescence intensity
of the donor AF555-CLIC1C24 (green) and acceptor AF647- αBcC176 (purple) in complex over
time. These intensity traces were used to calculate the FRET efficiency over time (black). (D)
FRET efficiency heatmap (n = 421 molecules) of CLIC1C24-αBcC176 complexes over time. (E)
FRET efficiency (E) histogram derived from TIRF microscopy data of the initial intensities of
CLIC1C24:αBcC176 complexes prior to photobleaching.
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4.4.3 A single-molecule fluorescence-based approach can be used to examine
interactions between αBc and CLIC1C24
We hence sought to employ a single-molecule fluorescence-based assay that would
enable the stoichiometries of αBcC176 and CLIC1C24 within complexes to be interrogated.
To do so, we first investigated the binding of heated (37°C for 2 hr) site-specific
fluorescently labelled CLIC1C24 (AF647-CLIC1C24) to the surface of the functionalised
coverslip (Fig. 4.3A). As expected, there was a significant increase in the number of
CLIC1C24 foci observed when the capture antibody was present (Fig. 4.3B). Moreover,
there was no difference in the fluorescent intensities of the CLIC1C24 species bound to the
coverslip in the presence or absence of the antibody (Fig. 4.3C) demonstrating that the
CLIC1C24 bound by the antibody is representative of the CLIC1C24 species present in
solution. Heated CLIC1C24 was immobilised to the functionalised coverslip much more
readily than folded CLIC1C24 (Fig. 4.3D, E, F), presumably due to increased exposure of
the N-terminal His-tag as a result of CLIC1C24 unfolding. Thus, our single-molecule
approach efficiently captures the thermally destabilised CLIC1C24 species that are
potential clients of sHsps.
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Figure 4.3. The binding of CLIC1 to functionalised coverslips for analysis by a singlemolecule fluorescence-based approach. (A-C) AF647-labelled CLIC1C24 (1 μM) was incubated
at 37⁰C for 2 hr before being diluted 1:1000 into phosphate imaging buffer and loaded into flow
cells in the presence and absence of a surface bound anti-6X His-tag antibody. Following a 10
min incubation, flow cells were washed and imaged using TIRF microscopy. (A) Representative
images of surface bound AF647-CLICC24 in the absence (left) or presence (right) of surface
immobilised antibodies. Scale bar = 5 μm. (B) Number of AF647-CLIC1C24 foci per field of view
(FOV) on coverslips in the presence or absence of the anti-6X His-tag antibody, reported as mean
± standard deviation (n = 12 images). Comparisons of the treatment groups were performed via a
student’s t-test. (C) Violin plots showing the distribution of the fluorescence intensity of AF647CLIC1C24 foci in the presence or absence of the antibody. The plots show the kernel probability
density (black outline), median (red) and interquartile range (blue). Comparisons of distributions
was performed using Kruskal-Wallis test for multiple comparisons with Dunn’s procedure. (DF) AF647-CLIC1C24 was incubated in the presence of heated (previously for 2 hr at 37⁰C) or nonheated AF555-CLIC1C24 (1 μM) for 5 min on ice. Samples were diluted 1:1000 in phosphate
imaging buffer and were loaded into flow cells before being washed and imaged using TIRF
microscopy. Representative images of surface bound (D) non-heated AF555-CLIC1C24 (green)
and AF647-CLIC1C24 (magenta) or (E) heated AF555-CLIC1C24 (green) and non-heated AF647CLIC1C24 (magenta). (F) The relative abundance of each fluorescently labelled CLIC1C24 species
per FOV reported as mean ± standard deviation (n = 15 images from the same sample).
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We next incubated AF647-CLIC1C24 and AF488-αBcC176 together at 37°C and collected
aliquots at various timepoints over a 10 hr period. Samples were then diluted and
immediately immobilised to the coverslip surface (via the His-tag on CLIC1C24) for
imaging using TIRF microscopy. As expected, αBcC176 (green) was observed to colocalise
with CLIC1C24 molecules (magenta) (Fig. 4.4A) indicative of the formation of stable
complexes between these two proteins and consistent with the results of the smFRET
experiments (Fig. 4.2). The proportion of CLIC1C24 molecules colocalised with αBcC176
increased rapidly over 1 hr (Fig. 4B). Interestingly, after 4 hr the proportion of CLIC1C24
colocalised with αBcC176 reached a maximum of approximately 50%, demonstrating that
not all CLIC1C24 molecules were in complex with αBcC176 under these experimental
conditions (herein referred to as free CLIC1C24 species). Additionally, despite having
blocked (passivated) the coverslip surface, which significantly reduced the non-specific
binding of αBcC176 to the coverslip, some non-specific binding of αBcC176 was also
observed (herein referred to as free αBcC176 species) (Fig. 4.4A).
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Figure 4.4. Characterisation of CLIC1C24-αBcC176 complexes using a single-molecule
fluorescence-based approach. AF488-αBcC176 was incubated with AF647-CLIC1C24 (2:1
molar ratio) at 37°C for 10 hr to form complexes. Aliquots were taken at multiple timepoints
throughout the incubation for TIRF microscopy imaging. (A) Representative TIRF
microscopy images of complexes at 10 hr. Scale bar = 5 µm. Schematic indicating free
CLIC1C24 and αBcC176 bound to the coverslip surface. (B) Schematic showing the
immobilisation of αBcC176-CLIC1C24 complexes to the surface of a glass coverslip. The
percentage of CLIC1C24 colocalised with αBcC176 over time reported as the mean ± standard
deviation of three independent experiments. Data were fit using a one phase association model.
(C) Example time trace of the fluorescent intensity of AF647-CLIC1C24 in complex with
AF488-αBcC176. The shaded area (grey) represents the first 20 values that were averaged to
determine the initial intensity (I0). (D) Photobleaching traces from AF647-CLIC1C24 molecules
with distinct photobleaching steps were manually identified and fit to a change point analysis
to calculate the fluorescent intensity of each single-photobleaching event (Is) within the traces.
The Is values were fit to a Gaussian distribution to determine the mean intensity of a single
photobleaching event (Is-mean). (E) Example histogram of CLIC1C24 showing the distribution
of I0 and fluorescently-labelled proteins per point (FPP) at 10 h. FPP was calculated using the
equation FPP = I0/Is-mean for all the CLIC1C24 in complex with αBcC176.
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To determine the stoichiometries of CLIC1C24 and αBcC176 in complexes formed under
conditions in which CLIC1C24 is prone to aggregation, molecules were imaged until all
fluorophores were completely photobleached. CLIC1C24 and αBcC176 trajectories with
distinct photobleaching steps were identified manually and used to calculate the
fluorescent intensity of each single-photobleaching event (Is) (Fig. 4.4C, 4.5A, D). The Is
values collected from CLIC1C24 and αBcC176 trajectories containing one distinct
photobleaching step were not significantly different when the proteins were in a complex
or alone (αBcC176 non-specifically bound to the surface was used to assess the protein
when not in a complex) (Fig. 4.5B, E). Therefore, binding of the two proteins into a
complex did not significantly affect the fluorescent intensity of the fluorophores attached
to the proteins. Analysis of trajectories from CLIC1C24-αBcC176 complexes that contained
multiple distinct photobleaching steps showed a broader distribution of Is values
compared to complexes containing only a single unit of either protein (Fig. 4.5B, E).
Thus, to establish the number of CLIC1C24 or αBcC176 in complexes, Is values calculated
from trajectories with multiple distinct photobleaching steps were fit to a Gaussian
distribution from which the mean intensity of a single photobleaching event (Is-mean) for
CLIC1C24 or αBcC176 was derived (Fig. 4.4D). The Is-mean values determined using change
point analysis were 170.5 ± 99 a.u and 166 ± 119 a.u for CLIC1C24 and αBcC176
respectively. These values were then used to determine the number of fluorescentlylabelled proteins per point (FPP). The initial fluorescence intensities (I0) for CLIC1C24
and αBcC176 in each complex were calculated by averaging the first 20 intensity values
(Fig. 4.4C). Change point analysis was not used to calculate I0 due to its inability to
accurately fit photobleaching steps of larger complexes (i.e. >10mers). Furthermore,
calculation of I0 via either change point analysis or averaging of the initial 20 intensity
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values of trajectories yielded similar values when used to analyse non-colocalised
CLIC1C24 and αBcC176 trajectories with multiple distinct photobleaching steps (Fig. 4.5C,
F). Subsequently I0 for CLIC1C24 and αBcC176 in each complex was divided by the
appropriate Is-mean to calculate the FPP. These FPP values were then used to determine
the number of subunits of each protein present in complexes of up to a maximum of 20
subunits (Fig. 4.4E).

Figure 4.5: The effect of complex formation on the fluorescence of single-photobleaching
events (Is) and calculation of initial fluorescence intensity (I0) using CLIC1C24 and αBcC176
trajectories. Example time trace of the fluorescence intensity of (A) AF647-CLIC1C24 or (D)
AF488-αBcC176 showing two distinct photobleaching steps fitted based on change-point analysis
(black), which was used to calculate I0 (change point I0) and the Is of each photobleaching step.
The shaded area (grey) represents the first 20 fluorescence intensity values. Histogram comparing
the relative abundance of Is values calculated from manually selected trajectories of (B) AF647CLIC1C24 or (E) AF488-αBcC176 when in complex (as a monomer or oligomer) or when freely
bound to the surface as a monomer. Distribution of I0 values of non-colocalised (C) AF647CLIC1C24 or (F) AF488-αBcC176 calculated via averaging of the first 20 intensity values (shown
in grey on the time intensity traces) or change point analysis.
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To investigate whether the dilution and immobilisation of αBcC176-CLIC1C24 complexes
required for this single-molecule fluorescence approach affected the nature of the
complexes formed at higher concentrations, complexes were cross-linked prior to dilution
and single-molecule measurements (Fig. 4.6). In the previous chapter it was shown that
when αBcC176 was cross-linked in the absence of CLIC1C24 and diluted for TIRF
microscopy a small decrease in the αBcC176 oligomer size was observed, indicative of
some dissociation of large oligomers (Fig. 3.3). However, this decrease in the size of
αBcC176 oligomers was not observed when it was in complex with CLIC1C24 (Fig. 4.6A,
C, D). Furthermore, the size and amount of CLIC1C24 in complex with αBcC176 was not
significantly affected by dilution and immobilisation of the complexes (Fig. 4.6A, C, D),
indicating that the complexes observed by single-molecule fluorescence imaging are
representative of those formed during the incubation at 37°C.
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Figure 4.6: The effect of concentration on the size of CLIC1C24 and αBcC176 within complex
examined at the single-molecule level using TIRF microscopy. (A) The percentage of AF647CLIC1C24 colocalised with AF488-αBcC176 under various incubation and cross-linking conditions.
All samples contained 1 μM AF647-CLIC1C24 in the presence of 2 μM AF488-αBcC176. The
heated control was heated at 37⁰C for 2 hr but not cross-linked. The cross-linked sample was
heated at 37⁰C and subjected to cross-linking. The non-heated sample was incubated at room
temperature for 2 hr and cross-linked. Data are reported as mean ± SD of 10 images collected.
Violin plots showing the size distribution of colocalised (B) CLIC1C24 and (C) αBcC176 control
and cross-linked samples. The violin plots show the kernel probability density (black outline),
median (red) and interquartile range (blue). A comparison of distributions was performed using
Kruskal-Wallis test for multiple comparisons with Dunn’s procedure (P values indicated). (D)
Heat-maps showing the relative abundance of αBcC176-CLIC1C24 complexes and their
stoichiometries in the cross-linked and control samples.
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4.4.4 The size and polydispersity of complexes formed between αBc and
CLIC1C24 increase over time
To obtain further information on the interaction between αBcC176 and CLIC1C24, we
examined the change in size and composition of the αBcC176-CLIC1C24 complexes over
time, as well as the size of the molecules that were not in complex. Prior to incubation,
both CLIC1C24 and αBcC176 were present predominantly as smaller non-colocalised
species (Fig. 4.7A, C, E). Following incubation at 37°C for 0.25 hr, αBcC176 was found
bound to oligomeric species of CLIC1C24 that were significantly larger in size compared
to free CLIC1C24 species (Fig. 4.7B, P < 0.0001). After 0.25 hr of incubation, both the
bound and free CLIC1C24 oligomers did not increase in size (Fig. 4.7A, C). Moreover, the
CLIC1C24 species not in complex were significantly smaller than the bound species
throughout the entire incubation period (Fig. 4.7D). Interestingly, following incubation
the size of the non-complexed CLIC1C24 significantly decreased (P < 0.001), such that by
10 hr primarily monomers were present. This suggests that CLIC1C24 species larger than
monomers were preferentially bound by αBcC176 upon heating.
During the early stages of the incubation (up to 0.5 hr), αBcC176 in complex with CLIC1C24
was primarily monomeric or dimeric (Fig. 4.7E). However, after 0.5 hr incubation the
number of αBcC176 molecules in these complexes significantly increased over time,
reaching a maximum after 1 hr. Analysis of non-specifically adsorbed αBcC176 species
indicated that they were significantly smaller in size compared to αBcC176 that was in
complex with CLIC1C24 throughout the incubation period (P < 0.0001; Fig. 4.7F).
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Figure 4.7: αBcC176-CLIC1C24 complexes increase in polydispersity and size over time.
AF488-αBcC176 was incubated with AF647-CLIC1C24 (2:1 molar ratio) at 37°C for 10 hr, with
aliquots taken at multiple time points throughout the incubation. Following incubation, aliquots
were immediately diluted and incubated in flow cells for 10 min before being washed and imaged
using TIRF microscopy. Violin plots showing the size distribution over 10 hr at 37⁰ of (A) free
CLIC1C24 that is not in complex with αBcC176, (B) CLIC1C24 bound to αBcC176 or free CLIC1C24
after 0.25 hr incubation, (C) CLIC1C24 bound to αBcC176, (D) CLIC1C24 bound to αBcC176 or free
CLIC1C24 after 10 hr incubation, (E) αBcC176 bound to CLIC1C24, and (F) αBcC176 bound to
CLIC1C24 or non-specifically adsorbed to the surface (Free) after 10 hr. The violin plots show the
kernel probability density (black outline), median (red) and interquartile range (blue). Results
include measurements from three independent experiments (n = 3) and comparisons of
distributions was performed using Kruskal-Wallis test for multiple comparisons with Dunn’s
procedure (P values indicated). Each violin plot has >252 molecules (G) Heat-maps showing the
relative abundance of αBcC176-CLIC1C24 complexes and their stoichiometries over 8 hr of
incubation.
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We next utilised our single-molecule fluorescence-based approach to characterise the
stoichiometries of αBcC176 and CLIC1C24 in individual complexes and interrogate how
these change as a function of incubation time. For each individually identified αBcC176CLIC1C24 complex, we determined the αBcC176:CLIC1C24 stoichiometry by calculating
the number of monomers of each protein present. This process allowed quantification of
the relative abundance of these stoichiometries over time. Interestingly, we observed that
complexes became increasingly polydisperse over the observation time (Fig. 4.7G). At
early timepoints during the incubation (0.25 – 0.5 hr), complexes were comprised
predominantly of smaller species of αBcC176 (monomers-3mers) bound to a polydisperse
range of CLIC1C24 oligomers (monomers to 12mers). The most abundant complex
observed was comprised of monomeric αBcC176 bound to a single subunit of CLIC1C24.
The polydispersity of CLIC1C24 within complexes (monomers to 12mers) did not change
significantly over 8 hr; however, the relative abundance of complexes with more αBcC176
(> 6mers) increased after 1 hr. This increase in the number of αBcC176 monomers present
in complexes was consistent with the observed increase in the size distribution of αBcC176
over time (Fig. 4.7E). Together, these results suggest smaller αBcC176 subunits initially
bind to aggregation-prone CLIC1C24 to form chaperone-client complexes and, over time,
additional free αBcC176 subunits bind to these complexes until the system reaches an
equilibrium.
4.4.5 Chaperone concentration influences the stoichiometries of CLIC1-αBc
complexes
The molar ratio of sHsp to client protein is thought to be one of the most important
parameters that determines the nature and size of sHsp-client complexes (Lee, Roseman
et al. 1997, Haslbeck, Walke et al. 1999, Mogk, Deuerling et al. 2003, Stromer,
Ehrnsperger et al. 2003, Basha, Lee et al. 2004, Friedrich, Giese et al. 2004, Stengel,
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Baldwin et al. 2012). Therefore, we exploited our single-molecule fluorescence assay to
investigate how sHsp concentration affects the stoichiometries of complexes formed with
CLIC1C24. We observed that the size of CLIC1C24 species in complex with αBcC176
significantly increased with increasing relative amounts of αBcC176 (molar ratios from
0.25:1 to 4:1, αBcC176: CLIC1C24) (Fig. 4.8A). Conversely, the number of αBcC176
subunits in complexes was significantly smaller (P< 0.0001) when the sHsp was present
at a molar ratio below or equal to the amount of CLIC1C24 present (0.25:1 to 1:1,
αBcC176:CLIC1C24) (Fig. 4.8B). The number of αBcC176 subunits in complexes
significantly increased when the αBcC176 was present in molar excess of CLIC1C24 (2:1
and 4:1, αBcC176:CLIC1C24) (Fig. 4.8B). At all molar ratios tested, both αBcC176 and
CLIC1C24 were significantly larger when in complex compared to when they were not in
complex (Fig. 4.8C, D, E, F). Interestingly, non-colocalised αBcC176 was observed to be
significantly larger in size when incubated at the higher concentrations (>1 μM) used in
the molar-ratios higher than of 1:1 (αBcC176:CLIC1C24) compared to lower concentrations
(Fig. 4.8E).
As observed previously, the complexes formed between αBcC176 and CLIC1C24 after
heating were heterogeneous (Fig. 4.8G). Examination of the relative abundance of
complexes formed when the molar ratio of αBcC176:CLIC1C24 was low ([0.25:1]-[1:1])
indicated that a small number of αBcC176 subunits (monomers-6mers) were in complex
with CLIC1C24 species (monomers-6mers). In contrast, when complexes were formed at
higher molar ratios of αBcC176:CLIC1C24 ([2:1]-[4:1]), a greater number of αBcC176
subunits (> 10mers) were bound to CLIC1C24 species. Consequently, these data suggest
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that higher concentrations of αBcC176 result in an increased binding of free αBcC176
subunits to the initial complexes that are formed with CLIC1C24.

101

Chapter 4: SMF-based approach reveals mechanistic insights into human sHsp chaperone function

Figure 4.8. αBcC176-CLIC1C24 complexes change in size and stoichiometry with increasing
αBcC176 concentration. AF647-CLIC1C24 was incubated in the presence of varying molar ratios
of AF488-αBcC176 at 37°C for 8 hr. Following incubation, samples were immediately diluted and
incubated in flow cells for 10 min before being washed and imaged using TIRF microscopy. The
size distributions of CLIC1C24 (A) in complex with αBcC176 (B) with increasing molar ratios of
αBcC176:CLIC1C24. (C) Size distributions of free CLIC1C24 not in complex with αBcC176 at
increasing molar ratios of αBc:CLIC1. (D) Size distributions of CLIC1C24 bound to αBcC176
compared to free CLIC1C24 on the surface at 0.25:1 (left) and 4:1 (right) molar ratio. (D) Size
distribution of non-specifically surface bound αBcC176 at increasing molar ratios. (E) Comparison
of size distributions of αBcC176 bound to CLIC1C24 and non-specifically bound (free) on the
surface at 0.25:1 (left) and 4:1 (right) molar ratios [αBcC176: CLIC1C24]. The violin plots show the
kernel probability density (black outline), median (red) and interquartile range shown (blue).
Result are representative of two independent experiments (n = 2) and comparisons of distributions
was performed using Kruskal-Wallis test for multiple comparisons with Dunn’s procedure (P
values indicated). (G) Heat-maps showing the relative abundance of αBcC176-CLIC1C24
complexes with increasing molar ratios of αBcC176:CLIC1C24.
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4.5 Discussion
In this study we set out to detect and quantify for the first time the initial binding events
between a sHsp and client protein. To do so, we employed single-molecule fluorescence
assays to study the chaperone action of αBc, an archetypal mammalian sHsp. By
employing this single-molecule fluorescence-based approach we have determined the
stoichiometries of complexes formed between αBc and a client protein, CLIC1. From
examination of the polydispersity and stoichiometries of these complexes over time, we
have uncovered unique and important insights into the mechanisms by which αBc
captures misfolded client proteins to prevent their aggregation.
The most commonly used approach to investigate chaperone activity are assays that
monitor the aggregation of proteins in vitro, either via light scatter or, in the case of
amyloid fibril formation, fluorescent dyes such as Thioflavin T (Gade Malmos, BlancasMejia et al. 2017). We exploited CLIC1 as a model client protein in this work since it has
been previously shown that sHsps interact with proteins with a GST-fold in heat-stressed
plants (McLoughlin, Basha et al. 2016) and destabilisation of CLIC1 results in it forming
a folding-intermediate with a high-degree of solvent-exposed hydrophobicity (Fanucchi,
Adamson et al. 2008, Cross, Fernandes et al. 2015), which is typical of sHsp client
proteins that form during cellular stress. Indeed, the results from this and the previous
(see section 3.3.1) chapter clearly demonstrate via a light scattering assay that mild
heating at 37°C leads to the aggregation of the destabilised CLIC1 isoforms (CLIC1cysL
and CLIC1C24). Moreover, αBc is able to effectively inhibit this heat-induced aggregation
of CLIC1 by forming complexes with it. However, these bulk ensemble assays struggle
to provide mechanistic details concerning the interactions that occur between the
chaperone and client protein that result in the suppression of aggregation. Approaches
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such as size exclusion chromatography, electron microscopy and native mass
spectrometry have traditionally been used to examine the end-stage complexes formed
between sHsps and client proteins. However, these approaches are limited in their ability
to capture the initial binding events between sHsps and client proteins, and the dynamic
and heterogeneous nature of these complexes. In order to overcome these limitations, we
employed a single-molecule fluorescence-based approach that, by utilising a step-wise
photobleaching method, enables the stoichiometries of the chaperone-client complexes in
solution to be revealed. In the case of αBc and CLIC1, by monitoring complexes in
solution through time we have been able to uncover novel details of how this sHsp forms
complexes with client proteins.
Our single-molecule fluorescence data show that the end-stage complexes formed
between αBc and CLIC1 are highly heterogeneous. By examining how these end-stage
complexes form we demonstrate that initially smaller species of αBc (predominantly
monomers or dimers) bind to heat-destabilised CLIC1 oligomers. Using this singlemolecule approach we are unable to specifically determine whether there are differences
in the binding capacity of small and large oligomers. Nonetheless, our observations
validate previous suggestions, based on studying end-stage complexes, that smaller
species of sHsps have high chaperone ability and can bind to misfolded proteins
(Hochberg and Benesch 2014, Santhanagopalan, Degiacomi et al. 2018, Alderson, Roche
et al. 2019). Interestingly, we observed that the number of complexes formed between
αBc and CLIC1 increased rapidly over the first hour of incubation and reached a plateau
after 4 hr. During this period there was an increase in the number of αBc subunits in each
αBc-CLIC1 complex. We rationalise this as the recruitment of free αBc subunits onto
existing αBc-CLIC1 complexes over time, as has been suggested to occur for other sHsp-
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client protein interactions (Haslbeck, Walke et al. 1999, Stengel, Baldwin et al. 2010,
Żwirowski, Kłosowska et al. 2017).
Varying the molar ratio between CLIC1 and αBc, such that more αBc subunits were
available to bind to CLIC1, resulted in an increase in size of these complexes. We
observed a time- and concentration-dependent recruitment of free αBc subunits onto
existing αBc-CLIC1 complexes. The lower concentrations of αBc used to form
complexes for the single molecule analyses (2 μM) accounts for the smaller size of the
αBc-CLIC1 complexes detected using this technique as compared to the sizes of highmolecular mass complexes observed previously via SEC analysis of complexes formed
between CLIC1cysL and αBc (100 μM αBc) (Fig. 3.1C-D). Once formed, cross-linking of
the αBc-CLIC1 complexes demonstrated that, upon dilution down to the nM range
required for the single-molecule analysis, αBc more readily dissociates from larger sHsp
oligomers than complexes formed with CLIC1. This is evidenced by our data showing no
difference in the size of cross-linked and non-cross-linked αBc when in αBc-CLIC1
complexes. Given that results from the previous chapter showed αBc decreases in terms
of oligomer size upon dilution (see section 3.3.3), this suggests that the affinity of αBc to
destabilised CLIC1 is higher than the affinity of αBc to other αBc subunits. Moreover,
this indicates that the observed accumulation of αBc onto αBc-CLIC1 complexes is
regulated by the association and dissociation rates of the αBc subunits into these
complexes, and that the dissociation rates from complexes are slower than the timescale
of our observations. Hence, αBc subunits are stabilised by the presence of the client
protein. In both prokaryotic (IbpA and IbpB) (Żwirowski, Kłosowska et al. 2017) and
eukaryotic sHsp systems (Hsp18.1 and Hsp16.6) (Friedrich, Giese et al. 2004), sHspclient complexes are dynamic in that sHsp subunits associate and dissociate from these
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complexes. Whilst we did not specifically probe for these dynamics in this study, the
ability of single-molecule fluorescence techniques to observe dynamic and transient
interactions in real-time provides the potential to further develop the approaches we have
described here in order to examine if dynamic sHsp subunit exchange occurs on sHspclient protein complexes.
The binding of monomeric αBc to monomers of CLIC1 did not greatly affect the Is values,
suggesting that the photophysical properties of the dye, such as quantum yield, are largely
unaffected by the formation of complexes. However, we did observe that oligomers of
αBc and CLIC1 in complex displayed a broader distribution of Is values, suggesting
modest effects of the increased heterogeneity and size of the complex on dye intensity.
Therefore, whilst we do observe a small proportion of larger αBc-CLIC1 complexes
following incubation, these complexes may be under-represented in our analyses due to
the variability in the emission intensity of the fluorophores attached to αBc or CLIC1
within these larger complexes. Furthermore, these complexes may also be underrepresented due to the His-tag of the CLIC1, which is required for immobilisation,
possibly becoming buried during the aggregation and/or binding of multiple αBc
subunits.
Taken together, our findings provide direct experimental evidence for a two-step
mechanism of sHsp-client complex formation that is in accordance with current models
of sHsp chaperone action (Fig. 4.9) (Stengel, Baldwin et al. 2010, Treweek, Meehan et
al. 2015, Haslbeck, Weinkauf et al. 2019, Mogk, Ruger-Herreros et al. 2019). First, small
sHsp species recognise and stably bind to misfolded client proteins. Then, these
complexes grow through the subsequent addition of additional sHsp subunits onto the
newly formed complex until such a time that the system reaches an equilibrium between
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bound and unbound sHsps and no further growth of the complexes occurs. The sHspclient protein complexes we have characterised here are the building blocks of the highmolecular mass complexes observed using other techniques (such as SEC) in which the
sHsp is typically present at higher concentrations than we have used in the singlemolecule fluorescence assay. Other than the concentration of the sHsp, the rate of
association and dissociation of sHsp subunits from client complexes determines their
maximum size. The actual size and the ratio of the sHsp-client protein complexes that are
formed may vary for different client proteins. In the cellular context, factors that act to
increase the rate of subunit exchange - e.g. phosphorylation (Peschek, Braun et al. 2013)
or sHsp levels (e.g. as occurs under conditions of cellular stress) - facilitate an increase
in chaperone capacity through the provision of increased levels of sHsps. At any given
time, the optimum cellular level of sHsps occurs when the amount of the chaperone active
species is sufficient to ensure that misfolded clients are stabilised in sHsp-client
complexes. The potential for the formation of mixed sHsp hetero-oligomers places
another level of complexity and control on sHsp chaperone action in cells.

Figure 4.9: Schematic of two-step mechanism of sHsp-client complex formation. (A) Smaller
free sHsps initially recognise and stably bind free misfolded client proteins (1) allowing for the
subsequent binding of additional free sHsps subunits to form a large sHsp-client complex (2). (B)
Theoretical binding events of sHsp subunits over time showing that initial binding of free sHsps
to free clients increases over time (1) until all the misfolded client is bound and additional free
sHsp subunits associate with these complexes (2) in order to form sHsp-client complexes.
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A two-step mechanism of chaperone action is consistent with data obtained for plant
sHsps (Stengel, Baldwin et al. 2010) and the interaction of human αA-crystallin (HSPB4)
with client proteins (McHaourab, Dodson et al. 2002). Therefore, this is likely to be a
universal functional mechanism of sHsps chaperone action. Future studies employing
similar single-molecule fluorescence-based approaches to study the chaperone action of
other polydisperse sHsps, such as Hsp27, will provide further insight into if this is indeed
the case. Furthermore, similar studies that employ different client proteins would reveal
whether the model of sHsp function described in this work is a general mechanism of
sHsp-client protein interactions. Determining the precise molecular mechanisms of sHsps
action is crucial to understanding how these molecular chaperones function to protect the
cell from protein misfolding and their overall role in the cellular proteostasis network.
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Chapter 5: Examining the effect of the Hsp70/Hsp40 folding chaperones on sHsp-client complexes

5.1 Introduction and rationale
Under conditions of cellular stress, the sHsps constitute the first line of defence against
protein aggregation by binding and sequestering aggregation-prone clients into
complexes (Jakob, Gaestel, Engel, & Buchner, 1993; G. J. Lee, Roseman, Saibil, &
Vierling, 1997; Stromer, Ehrnsperger, Gaestel, & Buchner, 2003). Whilst this function of
sHsps is to protect cells from the toxicity associated with protein aggregation, sHsps alone
are not able to refold bound clients back to their native conformation. Instead, refolding
of clients bound within sHsp-client protein complexes requires their transfer to ATPdependent refolding chaperones (Ehrnsperger, Gräber et al. 1997, Veinger, Diamant et al.
1998, Mogk, Deuerling et al. 2003, Haslbeck, Miess et al. 2005).
It is well established that in bacteria, yeast and plants, client proteins bound to sHsps are
rescued by a bi-chaperone system consisting of two ATP-dependent chaperone systems;
an Hsp100 chaperone (Hsp104 in yeast and ClpB in E.coli) and a Hsp70/Hsp40 system
(Ssa1-Ydj1 in yeast and DnaK-DnaJ in E. coli). Studies examining this process suggest
that initially under stress conditions, sHsps bind misfolded client proteins, forming sHspclient complexes and maintaining the client protein in a refolding-competent state.
Following this period of stress, Hsp70, assisted by Hsp40, binds to the surface of these
sHsp-client protein complexes, displacing surface bound sHsps thereby exposing regions
of trapped polypeptides and allowing Hsp100 to remove these client proteins for their
subsequent refolding back into their native conformation (Veinger, Diamant et al. 1998,
Mogk, Schlieker et al. 2003, Żwirowski, Kłosowska et al. 2017).
Whilst this bi-chaperone system is exploited for removal and renaturation of sHsp-bound
clients in bacteria, yeast and plants, metazoan cells lack an Hsp100 homologue. Instead,
it is believed that this process is achieved solely by the Hsp70/Hsp40 refolding system,
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which consists of Hsp70 proteins cooperating with Hsp40 proteins and nucleotide
exchange factors (NEFs). Prior studies have shown that the presence of sHsps in both
amorphous and amyloid aggregation enhances the ability of the metazoan Hsp70/Hsp40
system to refold aggregate bound proteins (Lee and Vierling 2000, Duennwald,
Echeverria et al. 2012). However, unlike the bi-chaperone system, it remains elusive how
client proteins bound to sHsps are removed from complexes by the Hsp70/Hsp40 system
in the absence of an Hsp100 homologue.
Studies examining how sHsps work with ATP-dependent refolding chaperones to trap
and then refold proteins in vitro have done so primarily by monitoring the recovery of the
enzyme activity of sHsp-bound clients. The clients traditionally used in these assays
include luciferase, citrate synthase or malate dehydrogenase (Ehrnsperger, Gräber et al.
1997, Veinger, Diamant et al. 1998, Lee and Vierling 2000, Mogk, Deuerling et al. 2003,
Haslbeck, Miess et al. 2005, Żwirowski, Kłosowska et al. 2017). These refolding assays
rely on the measurement of enzyme activity and thus cannot be performed with proteins
that are not enzymes or for which enzyme assays are lacking. Moreover, such assays do
not provide details concerning the interaction between sHsp-client complexes and the
refolding chaperones that leads to the client regaining its folded state. Therefore, new
methods are required that provide a greater understanding of how aggregation-prone
client proteins bound to sHsps are removed from complexes and transferred to refolding
systems.
This chapter describes the development and use of a FRET-based approach to examine
the effect of the human Hsp70/Hsp40 folding chaperones on sHsp-client complexes. To
do this, the ability to form αBc-CLIC1 FRET-competent complexes in solution (see
section 4.3.2) was exploited in order to monitor the subsequent disassembly of these
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complexes due to the presence of refolding chaperones. Two Hsp70s were examined in
this work: Hsc70 and Hsp70A1. These particular Hsp70 homologues were selected as
Hsc70 (HSPA8) is a constitutively expressed chaperone that has been shown to be vital
for stress recovery in animals (Kirstein, Arnsburg et al. 2017), whereas HspA1 (Hsp70)
is a stress-induced homologue that is up-regulated under conditions similar to those that
cause the up-regulation of sHsps. Both Hsp70s were used in conjunction with Hsp40
(DNAJB1; Hdj1) and the nucleotide exchange factor (NEF), Bag3. In addition to the
FRET-based approach, complexes of αBc-CLIC1 were directly observed at the singlemolecule level to determine the effect of the refolding chaperones on the composition of
αBc-CLIC1 complexes.
5.2 Methods
5.2.1 Protein expression, purification and fluorescent labelling of proteins
All proteins were expressed and purified as previously described (see section 2.3). The
fluorescent labelling of proteins and degree of labelling was performed and calculated as
previously described (see section 2.4). CLIC1C24 was labelled with either Alexa Fluor 555
(AF555-CLIC1C24) or Alexa Fluor 647 (AF555-CLIC1C24) maleimide fluorophores with
a final labelling efficiency of 82% and 96% respectively. αBcC176 was labelled with either
Alexa Fluor 647 (AF647-αBcC176) or Alexa Fluor 488 (AF488-αBcC176) maleimide
fluorophores with a final labelling efficiency of 77% and >95% respectively. The proteins
were stored at -20⁰C until use.
5.2.2 αBc-CLIC1 complex formation and bulk FRET analysis
To form αBc-CLIC1c24 complexes, AF555-CLIC1C24 (1 µM) was incubated in the
presence of AF647-αBcC176 (2 µM) for 2 hr at 37⁰C (or room temperature as a control) in
50 mM phosphate buffer (pH 7.4). Samples were subsequently diluted 1:20 in refolding
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buffer (25 mM HEPES, 50 mM KCl, 5 mM MgCl2 and 2 mM DTT (pH 7.4)) and
immediately loaded into a quartz fluorescence cuvette. The fluorescence spectrum of the
samples was determined using a spectrofluorometer (JASCO model FP-8300, Tokyo,
Japan), following excitation of the samples at the absorbance wavelength of the donor
fluorophore (i.e. 555 nm). Data were collected at a scan rate of 200 nm/min, with
excitation and emission slit widths of 5 nm and 2.5 nm respectively. A control sample
that did not contain AF555-CLIC1C24 or AF647-αBcC176 was measured and subsequently
subtracted from the corresponding raw data. The corrected donor emission at 572 nm (FD)
and acceptor emission at 671 nm (FA) were subsequently used to calculate the FRET
efficiency (E) of each sample using the equation (E) = FA/(FD + FA). The FRETefficiency of non-heated and heated samples is reported as the mean ± SD of eight
independent experiments with statistical analysis performed via an unpaired student’s ttest.
5.2.3 Examining the effect of heating on AF555-donor fluorescence
Donor AF555-CLIC1C24 (1 µM) was incubated in the presence of non-labelled αBcC176
(2 µM) at room temperature or 37⁰C for 2 hr. The samples were loaded into a quartz
fluorescence cuvette and the fluorescence emission of the donor at 572 nm was measured
via the excitation of the fluorophore at 555 nm using a spectrofluorometer. The results
are reported as the mean ± SD of three independent experiments. Statistical analysis was
performed via an unpaired student’s t-test.
5.2.4 Examining the effect of the Hsp70/Hsp40 refolding system on αBcCLIC1 complexes using bulk FRET analysis
Preformed αBc-CLIC1c24 complexes (formed as described, see section 5.2.2) were diluted
1:20 into refolding buffer in the presence or absence of components of the Hsp70/Hsp40
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refolding system, including either Hsc70 (2 µM) or Hsp70A1 (2 µM), and DNAJB1 (1
µM), Bag3 (0.1 µM) and ATP (1 mM). Samples were incubated at room temperature for
1 hr before being transferred to a quartz fluorescence cuvette for measurements using a
spectrofluorometer. FRET efficiencies were calculated for each sample (Esample) using the
above-mentioned equation (see section 5.2.2). The FRET efficiency of a control sample
containing the αBc-CLIC1c24 complexes alone (Econtrol) was used to calculate the
percentage reduction in FRET (Ered) for each sample. These values were calculated using
the equation Ered = 100 – ((Esample/Econtrol) x 100)) and are reported as the mean ± SD of
three independent experiments. Statistically significant differences between the means
were assessed using a one-way ANOVA followed by Tukey’s test with an alpha value of
less than 0.05 considered significant.
To further investigate the effect of the Hsc70/Hsp40 refolding system on αBc-CLIC1c24
complexes, preformed complexes were diluted 1:20 into refolding buffer containing
varying molar ratios of Hsc70 (0.125-2:1, Hsc70:DNAJB1; in which the concentration of
DNAJB1 was kept constant at 1 µM) or DNAJB1 (0.5:1-8:1 DNAJB1:Hsc70; in which
the concentration of Hsc70 was kept constant at 2 µM). All samples were supplemented
with 1 mM ATP. Following dilution, samples were immediately placed in a quartz
fluorescence cuvette for measurement using a spectrofluorometer. Measurements were
taken as previously described (see section 5.2.2) every 5 min for at least 1 hr. The
percentage reduction in FRET efficiency (Ered) was calculated for each timepoint and the
results fit to a one-phase exponential association model from which the rate (Ered/min)
and final Ered was calculated.
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5.2.5 Single-molecule analysis of αBc-CLIC1 complexes in the presence of
Hsc70/Hsp40 refolding chaperones
For single-molecule imaging, AF647-CLIC1C24 (1 µM) was incubated with AF488αBcC176 (2 µM) in 50 mM phosphate buffer (pH 7.4) at room temperature or 37⁰C for 2
hr. Samples were diluted 1:20 into refolding buffer and incubated for 1 hr in the presence
or absence of Hsc70 (2 µM), DNAJB1 (1 µM) and ATP (1 mM). Samples were
subsequently further diluted 1:1000 into refolding buffer containing 6 mM TROLOX
(refolding imaging buffer). Microfluidic flow cells were constructed with PEG-biotinfunctionalised coverslip (see section 2.5.1). An anti-6X His-tag antibody was
immobilised to the coverslip surface before it was treated with Tween20 for 20 min.
Samples were incubated in separate flow channels for 5 min at room temperature (approx.
20⁰C) before unbound protein was removed from the surface by the addition of refolding
imaging buffer containing a PCA-PCD oxygen scavenger system (PCA-2.5 mM, PCD50 nM).
Image acquisitions were performed at room temperature on a custom-built TIRF
microscope with 637 nm and 488 nm lasers (see section 2.6.1 outlining TIRF setup).
Images were acquired every 200 ms and the resulting movies were corrected for laser
intensity profiles and background before the percentage of AF647-CLIC1C24 colocalised
with AF488-αBcC176 was calculated and intensity time trajectories were generated for all
colocalised molecules using custom-written scripts in Fiji (see section 2.7.3). The
CLIC1C24 and αBcC176 oligomer size and stoichiometries of complexes were derived using
home-written script in Matlab as previously described (see section 4.2.7). The oligomer
size distributions were represented as violin plots and with statistical analysis performed
using a Kruskal-Wallis test for multiple comparisons with Dunn’s procedure (where P <
0.05 was considered statistically significant).
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5.3 Results
5.3.1 A bulk FRET-based approach to examine complexes formed between
αBc and CLIC1C24
As a first step towards examining the interaction of foldase chaperones with sHsp-client
protein complexes a FRET-based approach was developed to monitor the formation and
disassembly of αBc-CLIC1C24 complexes. More specifically, complex formation was
monitored by measuring changes in FRET efficiency following incubation of the donor
AF555-CLIC1C24 and acceptor AF647-αBcC176 for 2 hr (Fig. 5.1A). Analysis of the
fluorescent spectra of samples containing AF555-CLIC1C24 and AF647-αBcC176
incubated at 37⁰C for 2 hr showed a large decrease in the donor (AF555) fluorescence
and small but highly reproducible increase in the acceptor (AF647) fluorescence
compared to non-heated controls (Fig. 5.1B).
The large decrease in donor fluorescence was confirmed to be due to the presence of close
acceptor fluorophores and not due to a temperature change or self-quenching of the donor
fluorophores, as there was no significant difference in the fluorescence intensity of the
donor in the presence of non-labelled sHsps when heated or not heated (Fig. 5.1C).
Therefore, the donor (AF555) fluorescence and acceptor (AF647) fluorescence values
were used to calculate the FRET efficiency of heated samples, which demonstrated that
incubation of AF555-CLIC1C24 and AF637-αBcC176 at 37⁰C resulted in a two-fold
increase in FRET efficiency compared to a non-heated control sample (Fig. 5.1D). Whilst
this final FRET efficiency was low (0.04), it was significantly higher than the non-heated
control (P<0.0001) and highly reproducible (n = 8). Therefore, this increase in FRET
efficiency was subsequently exploited as an indicator of complex formation between
αBcC176 and CLIC1C24.

116

Chapter 5: Examining the effect of the Hsp70/Hsp40 folding chaperones on sHsp-client complexes

Figure 5.1: Complex formation between AF555-CLIC1C24 and AF647-αBcC176 results in
FRET. (A) Schematic showing the methodology for complex formation between AF555CLIC1C24 (donor) and AF647-αBcC176 (acceptor). AF555-CLIC1C24 (1 µM) was incubated in the
presence of AF647-αBcC176 (2 µM) at room temperature (non-heated) or 37⁰C (heated) for 2 hr.
Samples were diluted 1:20 into refolding buffer and measured using a spectrofluorometer. The
fluorescence spectrum of the samples was determined and used to calculate the FRET efficiencies
(E) of the samples. (B) Representative fluorescence spectra of non-heated and heated samples
measured between 550-700 nm. Insert shows a magnified view of the region of the spectra
between 650-700 nm. (C) Fluorescence intensity of the donor AF555-CLIC1C24 fluorophore (1
µM) that was incubated in the presence of non-labelled aBcC176 (2 µM) at room temperature
(room-temperature) or 37⁰C (heated) for 2 hr. Data are reported as the mean ± standard deviation
(n = 3). (D) FRET efficiencies of non-heated and heated samples, reported as the mean ± standard
deviation (n = 8). All comparisons of samples were performed via an unpaired student’s t-test.
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5.3.2 The Hsc70/Hsp40 refolding system reduces the FRET efficiency of αBcCLIC1C24 complexes
It is well established that sHsps, such as αBc, form complexes with destabilised client
proteins to maintain them in a re-folding competent state so that they are able to be
transferred to ATP-dependent chaperone systems, such as the Hsp70/Hsp40 system, for
re-folding (Ehrnsperger, Gräber et al. 1997, Mogk, Deuerling et al. 2003, Ungelenk,
Moayed et al. 2016, Żwirowski, Kłosowska et al. 2017). However, mechanistic details
regarding precisely how sHsp-bound clients interact with ATP-dependent chaperones for
refolding remains unclear. To investigate this interaction in further detail, the bulk FRETbased approach described above was exploited to monitor changes in the FRET of αBcCLIC1C24 complexes in the presence of Hsp70/Hsp40. To do so, first AF555-CLIC1C24 AF647-αBcC176 complexes were incubated in the presence or absence of either Hsp70A1
or Hsc70 (Hsp70A8) refolding systems (Fig. 5.2A).
There was an 80% reduction in FRET efficiency of αBc-CLIC1C24 complexes when they
were incubated in the presence of Hsc70 along with DNAJB1, Bag3 and ATP (herein
referred to as the Hsc70/Hsp40 refolding system) (Fig. 5.2B). Interestingly, this reduction
in FRET efficiency was not affected by removal of Bag3. However, in the absence of
DNAJB1, the reduction in FRET efficiency of complexes decreased to approximately
50%. Furthermore, the absence of Hsc70 or ATP resulted in only a 10% reduction in
FRET efficiency demonstrating that Hsc70 and ATP were the most critical components
for this activity. Moreover, the minor reduction in FRET of the sample containing Hsc70,
DNAJB1 and Bag3 but lacking ATP demonstrates that this effect is ATP-dependent and
not due to non-specific effects as a result of the addition of protein to the samples.
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Figure 5.2: The effect of Hsc70/Hsp70A1 refolding systems on αBc-CLIC1 complexes as
measured by changes in FRET. (A) Schematic showing the methodology for incubation of
FRET competent αBc-CLIC1C24 complexes with the Hsp70/Hsp40 refolding system, which
consists of Hsp70 (either Hsc70 or Hsp70A1), DNAJB1 and Bag3. The percentage reduction in
FRET of αBc-CLIC1C24 complexes in the presence of various components of the (B) Hsc70 or
(C) Hsp70A1 refolding systems. αBc-CLIC1C24 complexes comprising of AF555-CLIC1C24 and
AF647-αBcC176 were incubated for 1 hr with varying components of the Hsc70/Hsp70A1
refolding systems including DNAJB1 (1 µM), Bag3 (0.1 µM) and ATP (1 mM) and either Hsc70
(2 µM) or Hsp70A1 (2 µM). Samples were diluted 1:20 into refolding buffer and immediately
measured using a spectrofluorometer. The fluorescence spectrum of the samples was determined
and used to calculate the FRET efficiencies and the percentage reduction in FRET (Ered). The
presence (+) or absence (-) of a particular component is indicated. Data are reported as mean ±
standard deviation (n = 3). Statistically significant differences between the means were assessed
using a one-way ANOVA followed by Tukey’s test; ** denotes P<0.002 and ****denotes
P<0.0001.

When αBc-CLIC1C24 complexes were incubated in the presence of Hsp70A1 along with
DNAJB1, Bag3 and ATP there was a 40% reduction in FRET efficiency (Fig. 5.2C).
However, this FRET efficiency was not altered by the absence of any of the other
components of the Hsp70/Hsp40 refolding system, other than Hsp70A1 itself (Fig. 5.2B).
Thus, Hsc70 was better able to cause a decrease in FRET of αBc-CLIC1C24 complexes
than Hsp70A1, which was not able to function as an ATP-dependent dissemblase under
these experimental conditions.
To further investigate the role of Hsc70 and DNAJB1 in the interaction with αBcCLIC1C24 complexes, the molar ratio of Hsc70 to DNAJB1 incubated with complexes
was varied and the resulting reduction in FRET efficiencies monitored over time. The
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incubation of αBc-CLIC1C24 complexes with the Hsc70/Hsp40 refolding system resulted
in a reduction in FRET efficiency over time at all ratios of Hsc70 to DNAJB1 tested (Fig.
5.3A, D). This relationship was best described by a one-phase exponential association
model, whereby the rate constants from this fit provide a measure of the relative capacity
of samples to reduce the FRET efficiency of αBc-CLIC1C24 complexes over time.

Figure 5.3: The effect of the molar ratio of Hsc70 to DNAJB1 with regard to the capacity of
the Hsc70 refolding system to impact FRET from αBc-CLIC1 complexes. αBc-CLIC1C24
complexes comprising AF555-CLIC1C24 and AF647-αBcC176 were incubated for 1 hr with either
(A-C) DNAJB1 (1µM) and increasing concentrations of Hsc70 such that the molar ratio varied
from 0.125:1-2:1 (DNAJB1:Hsc70) or (D-F) Hsc70 (2 µM) and increasing concentrations of
DNAJB1 such that the molar ratio varied from 0.5:1-8:1 (Hsc70:DNAJB1). The percentage
reduction in FRET (Ered) for each sample was monitored over time and fit to a one-phase
exponential association model from which the (B and E) rate (Ered/min) and (C and F) overall
final Ered was determined. For goodness of fit parameters see Appendix II. All data points reported
as mean ± standard deviation of three independent experiments (n = 3).

Incubation of αBc-CLIC1C24 complexes with an increasing concentration of Hsc70 did
not significantly affect the rate of reduction in FRET over time (Fig. 5.3B). However,
there was a concentration-dependent increase in the reduction in FRET efficiency, which
plateaued at molar ratios greater than 1:1 (Hsc70:DNAJB1) (Fig. 5.3C). Conversely,
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incubation of complexes with increasing concentrations of DNAJB1 resulted in a
concentration-dependent decrease in the rate and overall reduction in FRET efficiency at
molar ratios above 2:1 (DNAJB1:Hsc70) (Fig. 5.3E, F). Taken together, these results
demonstrate that when αBc-CLIC1C24 complexes are incubated in the presence of a molar
excess of Hsc70 to DNAJB1, the decrease in FRET from these complexes is greater than
when DNAJB1 is present in excess of Hsc70. Furthermore, the rate of reduction in FRET
is only affected by high concentrations of DNAJB1 and not increasing concentrations of
Hsc70 (up to 2 μM).
5.3.3 The Hsc70/Hsp40 refolding system results in CLIC1C24 being displaced
from αBc-CLIC1 complexes
Whilst the bulk FRET-based assay demonstrates that the Hsp70/Hsc70 refolding systems
decrease the FRET efficiency of αBc-CLIC1C24 complexes, it does not provide insights
as to whether this change in FRET efficiency is due to rearrangement of αBc and
CLIC1C24 subunits within complexes or loss of either from the complexes. To address
this, the number of subunits of aBc and CLIC1 in the complexes following incubation
with the Hsc70/Hsp40 refolding system was determined by exploiting the singlemolecule fluorescence approach described previously (see Chapters 3 and 4). Thus, αBcCLIC1C24 complexes were visualised following incubation in the presence or absence of
Hsc70, DNAJB1 and ATP to determine the effect this refolding system has on the nature
of these complexes (Fig. 5.4A).
Fewer CLIC1C24 molecules were observed colocalised with αBc when complexes were
incubated in the presence of the Hsc70/Hsp40 refolding system (23%) compared to when
they were incubated in the absence of this system (38%) (Fig. 5.4B). Contrary to the
results from the bulk-FRET based approach, the removal of ATP from the system did not
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affect the number of CLIC1C24 molecules colocalised with αBc. A negative control
consisting of non-heated CLIC1C24 and αBcC176 (i.e. not in complex) that was incubated
with the Hsc70/Hsp40 refolding system showed a low percentage of CLIC1C24 species
colocalised with aBcC176 (7%). As such, a level of 7% colocalisation between CLIC1C24
and aBcC176 was taken as the minimum level of colocalisation that could occur if all αBcCLIC1C24 complexes were disassembled. Therefore, the Hsc70/Hsp40 refolding system
led to a substantial, but incomplete, dissociation of CLIC1C24 from αBcC176 in these
complexes and this was ATP-independent.
To obtain further information with regard to the effect the Hsc70/Hsp40 refolding system
has on αBc-CLIC1C24 complexes, the size and composition of the remaining complexes
were examined. Following incubation of complexes in the absence of the Hsc70/Hsp40
refolding system, both CLIC1C24 and αBcC176 were bound together as different size
oligomers ranging from monomers to 20mers (Fig. 5.4C, D) consistent with previously
described results (see section 4.4.4). Conversely, incubation of complexes with the
Hsc70/Hsp40 refolding system significantly reduced the size of CLIC1C24 oligomers in
complex with αBcC176 to predominantly smaller species (<5mers) (P = 0.0009). However,
there was no change in the size distribution of αBcC176 in these complexes (Fig. 5.4D).
Whilst there was a significant decrease in the size of CLIC1C24 oligomers when ATP was
removed from the Hsc70/Hsp40 refolding system (P = 0.0188), this reduction in size was
not as large as when ATP was present (Fig. 5.4C). Unexpectedly, removal of the ATP did
significantly reduce the size of αBcC176 oligomers in αBc-CLIC1C24 complexes (P =
0.0003); however, this size distribution was not significantly different compared to that
when the complete Hsc70/Hsp40 refolding system was present.
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We further utilised this approach to characterise the stoichiometries of αBc-CLIC1C24
complexes and interrogate how these change in the presence of the Hsc70/Hsp40
refolding system. For each individually identified complex, the stoichiometry of αBc and
CLIC1C24 in the complexes was determined by calculating the number of monomers of
each protein present, thereby allowing the relative abundance of each stoichiometry to be
quantified (Fig. 5.4E). Complexes that were incubated in the absence of the Hsc70/Hsp40
refolding system were comprised of predominantly smaller species of αBc (monomers3mers) bound to a polydisperse range of CLIC1C24 oligomers (monomers-15mers). The
addition of the Hsc70/Hsp40 refolding system (in the presence or absence of ATP) to
these complexes did not significantly affect the number of αBc species (monomers3mers) within these complexes. However, the relative abundance of complexes with
fewer than 9 CLIC1C24 subunits increased. This decrease in the number of CLIC1C24
monomers present within complexes was consistent with the observed decrease in size
distribution of CLIC1C24 oligomers when complexes were incubated in the presence of
the Hsc70/Hsp40 refolding system (Fig. 5.4C). Taken together, these results suggest that
upon heating αBc binds to and forms complexes with destabilised CLIC1C24. The
CLIC1C24 in these complexes can then be subsequently removed by the Hsc70/Hsp40
refolding system consisting of Hsc70 and DNAJB1. Whilst these proteins alone can
remove some CLIC1C24 from complexes, the addition of ATP significantly increases the
efficiency of the system to do so.
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Figure 5.4: The Hsc70/Hsp40 refolding system decreases the number of CLIC1C24 subunits
within αBc-CLIC1 complexes. (A) Schematic of methodology used to examine AF647CLIC1C24 at the single-molecule level following incubation with an Hsc70/Hsp40 refolding
system. AF647-CLIC1C24 was incubated with AF488-αBcC176 for 2 hr at room temperature or
37⁰C in 50 mM phosphate buffer. The samples were diluted 1:20 in refolding buffer in the
presence or absence of Hsc70 (2 µM), DNAJB1 (1 µM) and ATP (1 mM) and incubated for a 1
hr. The resulting protein complexes were diluted (1:1000) in refolding imaging buffer for
immobilisation of AF647-CLIC1C24 and imaged by TIRF microscopy. (B) The percentage of
AF647-CLIC1C24 colocalised with AF488-αBcC176 following incubation in the absence (heat) or
presence of the Hsc70/Hsp40 refolding system with ((+) ATP) or without ATP ((-) ATP). The
presence (+) or absence (-) of a particular component is indicated. A non-heated (NH) control
was examined in which the Hsc70/Hsp40 refolding system was added to AF647-CLIC1C24 and
AF488-αBcC176 when they were not in complex (i.e. incubated together for 2 hr at room
temperature). Violin plots showing the size distribution of colocalised (C) AF647-CLIC1C24 and
(D) AF488-αBc in each sample. (E) Heat-maps showing the relative abundance of αBcC176CLIC1C24 complexes and their stoichiometries in each sample.
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5.4 Discussion
sHsps are key mediators in preventing protein aggregation under conditions of cellular
stress. They do so by recognising and binding aggregation-prone proteins, forming sHspclient protein complexes. However, sHsps alone are unable to actively refold bound client
proteins. Instead, client proteins are held in a folding-competent state for subsequent
refolding by ATP-dependent chaperone systems, such as the Hsp70/Hsp40 system. In
order for this to occur, it is envisaged that sHsp-bound clients must be transferred from
complexes to refolding chaperones. The primary aim of the work described in this chapter
was to develop and apply an in vitro FRET-based approach to examine this process.
Coupling this approach with the ability to visualise and determine the stoichiometry of
sHsp-client protein complexes at the single-molecule level, all data presented in this
chapter demonstrates that the human Hsc70/Hsp40 refolding system is able to remove
CLIC1 species from αBc-CLIC1 complexes and that both DNAJB1 and Hsc70 play a
critical role in this process.
This work demonstrated that the formation of αBc-CLIC1 complexes could be monitored
by small changes in bulk FRET. The development of this in vitro FRET-based assay was
based on the ability to observe the formation of complexes between αBc and CLIC1 using
smFRET (see section 4.3.2). Using the same experimental conditions used to observe
smFRET (see section 4.2.3), heating of the donor labelled CLIC1 and acceptor labelled
αBc together at 37⁰C resulted in a large decrease in the signal from the donor fluorophore
and corresponding small increase in the signal from the acceptor fluorophore. Whilst
following heating (i.e. conditions that promote complex formation with αBc) the decrease
in donor fluorescence from CLIC was large, it was not entirely quenched. This was as
expected because not all CLIC1 species are incorporated into αBc-CLIC1 complexes

125

Chapter 5: Examining the effect of the Hsp70/Hsp40 folding chaperones on sHsp-client complexes

following heating (see section 3.3.1). The large decrease in donor fluorescence and small
increase in acceptor fluorescence upon heating of CLIC in the presence of αBc resulted
in a relatively low FRET efficiency. It should be noted that it is unlikely that the low
acceptor signal observed is due to the presence of nearby acceptor fluorophores causing
self-quenching as this process is greatly minimised in near-infrared dyes such as AF647
(Zhegalova, He et al. 2014). In any case, the two-fold increase in FRET efficiency was
highly reproducible and therefore could be subsequently exploited as a measure of αBcCLIC1 complex formation.
Incubation of preformed αBc-CLIC1 complexes with all components of the Hsp70/Hsp40
refolding systems resulted in a reduction in the FRET-efficiency of these complexes
demonstrating that αBc and/or CLIC1 subunits within these complexes are either
displaced or rearranged during these interactions. The magnitude of the reduction in
FRET of αBc-CLIC1 complexes in the presence of various components of the
Hsp70/Hsp40 systems demonstrated that Hsc70 has a greater impact on the αBc-CLIC1
complexes compared to Hsp70A1. Moreover, since with the Hsp70A1/Hsp40 refolding
system tested here, removal of all components except Hsp70A1 did not significantly
affect the decrease in FRET efficiency, it is concluded that Hsp70A1 alone can interact
with αBc-CLIC1 complexes. This finding was surprising given that the addition of Hsp40
and ATP to Hsp70 has been previously reported to be critical for the refolding of heatdenatured firefly luciferase and chemically-denatured b-galactosidase (Freeman and
Morimoto 1996, Schumacher, Hansen et al. 1996). Furthermore, Hsp70 and Hsc70 have
been shown to have similar effects on refolding of b-galactosidase, thus suggesting that
both are able to efficiently refold some client proteins following denaturation (Freeman
and Morimoto 1996). However, these previous studies were performed in the absence of
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sHsps and thus the results of this current work suggest there may be differences in the
capacities of Hsp70A1 and Hsc70 to interact with client proteins bound to sHsps prior to
initiating the refolding process. Differences in the ability of these systems to disassemble
other protein complexes, including a-synuclein amyloid fibril aggregates, has been
previously shown (Gao, Carroni et al. 2015). More specifically, Hsp70 disassembles
fibrils less efficiently than Hsc70 (Gao, Carroni et al. 2015). These differences are
surprising given that Hsp70A1 and Hsc70 have very high sequence similarity (86%
identical and 94% similar) with almost identical folding patterns and three dimensional
(3D) structures (Daugaard, Rohde et al. 2007). Interestingly the C-terminal regions within
the Hsp70 variants have the highest sequence variation (30%) (Jinwal, Akoury et al.
2013). Hence given that this region plays an important role in the binding of
cofactors/cochaperones, these differences may be due to this sequence variation within
this region. Nevertheless, given that the expression of Hsp70A1 is heat-induced whereas
Hsc70 is constituently expressed, interaction with sHsp-client complexes may be an
activity performed by the Hsc70/Hsp40 refolding system following cellular stress
conditions and upon return to physiological conditions.
The ability of Hsc70 to most efficiently interact with αBc-CLIC1 complexes was
dependent on the presence of DNAJB1 and ATP (but not the NEF, Bag3). The removal
of either Hsc70 or ATP from this refolding system resulted in a significant decrease in
activity. It is well established that Hsp70 proteins (including Hsc70) directly capture
client proteins for refolding and that the hydrolysis of ATP is essential for this process to
occur (reviewed in Rosenzweig, Nillegoda et al. (2019)). This is because the chaperone
cycle of Hsp70 proteins is mediated by cycles of ATP binding and hydrolysis, a process
that controls the switching of the protein between two states (Mayer 2013). The Hsp70-
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ATP bound state has a low binding affinity for client proteins and the Hsp70-ADP bound
state has a high binding affinity for client proteins. Hsp70 alone is able to hydrolyse bound
ATP in order to switch to a high affinity state when in the presence of client proteins;
however, its intrinsic ATP hydrolysis rate is generally low (McCarty, Buchberger et al.
1995, Mayer, Schröder et al. 2000, Gässler, Wiederkehr et al. 2001). Hsp40 proteins
increase the rate of ATP hydrolysis of Hsp70s by up to >1000-fold (Karzai and
McMacken 1996, Misselwitz, Staeck et al. 1998, Laufen, Mayer et al. 1999), therefore
increasing the affinity of Hsp70 for client proteins and stabilising this interaction. This is
clearly evident in the results presented in this chapter; whilst Hsc70 in the presence of
ATP did have the ability to interact with αBc-CLIC1 complexes, this was significantly
increased by the presence of DNAJB1. Hence, this suggests that DNAJB1 is able to
stabilise and promote the interaction of Hsc70 with αBc-CLIC1 complexes, although it
itself does not have a significant effect on these complexes as demonstrated by the low
percentage reduction in FRET when the complexes were incubated in the absence of
Hsc70. Interestingly, the NEF Bag3 did not affect the capacity of the refolding chaperones
to interact with the αBc-CLIC1 complexes. It is well established that NEFs mediate the
dissociation of clients from Hsp70s by catalysing the release of ADP, returning Hsp70 to
the low affinity binding conformation for subsequent ATP mediated binding cycles
(Bracher and Verghese 2015). As such, the results from this work suggest that, under the
experimental conditions tested in this work, the interaction between Hsc70 and αBcCLIC1 complexes is mediated by a single ATPase cycle of Hsc70. This may have been
possible because, under these experimental conditions, the Hsc70 and ATP are at such
high molar excess to the αBc-CLIC1 complexes that ATPase cycling is not required as
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there is sufficient ATP-loaded Hsc70 molecules free in solution even in the absence of
Bag3.
The ability of the Hsc70/Hsp40 refolding system to interact with αBc-CLIC1 complexes
is dependent on the concentration and relative molar ratio of Hsc70 to DNAJB1. When
DNAJB1 was in excess of Hsc70, increasing the relative concentration of Hsc70 resulted
in an increased capacity to interact with αBc-CLIC1 complexes. However, whilst the
overall magnitude of the decrease in FRET increased with increasing concentrations of
Hsc70, the rate did not change. This therefore suggests that under these experimental
conditions, the rate at which the Hsc70/Hsp40 refolding system is able to interact with
αBc-CLIC1 complexes is independent of the Hsc70 concentration, at least across the
concentrations tested in this work. Conversely, increasing the relative amount of
DNAJB1 to Hsc70 decreased the amount and rate of the interaction between the
Hsc70/Hsp40 refolding system and αBc-CLIC1 complexes. This decrease may be due to
excess DNAJB1 competing with Hsc70 for binding to the complexes, a process observed
in the E. coli DnaK/DnaJ refolding system whereby DnaJ competes DnaK (Hsp70) for
client binding at high concentration of DnaJ (Rüdiger, Schneider‐Mergener et al. 2001,
Linke, Wolfram et al. 2003). Alternatively, excess DNAJB1 may stimulate the conversion
of Hsc70 from its low affinity ATP-bound state to its high affinity ADP-bound state,
trapping or delaying the release of Hsc70 from the complexes and thereby reducing its
ability to undergo multiple cycles of interaction with αBc-CLIC1 complexes. However,
since Bag3 did not have an effect on the ability of Hsp70 to interact with these complexes,
this is unlikely given that it is anticipated that this interaction is mediated by a single
ATPase cycle of Hsc70. In any case, the results clearly demonstrate that the ability of
Hsc70 to interact with αBc-CLIC1 complexes is tightly regulated by the amount of
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DNAJB1 available. This is in agreement with several studies that have examined the
disassembly and refolding of denatured Glucose-6-phosphate dehydrogenase (G6PDH)
and firefly luciferase by bacterial DnaK/DnaJ. These demonstrate that optimal refolding
yields are achieved when DnaJ is present at substoichiometric concentrations to DnaK
(Linke, Wolfram et al. 2003, Ben-Zvi, De Los Rios et al. 2004, Hinault, Cuendet et al.
2010).
Although the bulk FRET-based assay was able to be used to examine the interactions
between the Hsp70/Hsp40 refolding systems and αBc-CLIC1 complexes, this assay alone
is unable to determine if the observed changes in FRET of the complexes in the presence
of the refolding system was due to loss of subunits or rearrangement of subunits within
these αBc-CLIC1 complexes. Therefore, coupling this assay with the ability to visualise
αBc-CLIC1 complexes at the single-molecule level provided an avenue to determine
exactly how the Hsp70/Hsp40 refolding system was affecting the subunits within these
complexes. The results demonstrate that following incubation of αBc-CLIC1 complexes
with the Hsc70/Hsp40 refolding system complex disassembly occurs by the displacement
of CLIC1 subunits. Interestingly, although the percentage of CLIC1 molecule colocalised
with αBc was significantly reduced when incubated with the Hsc70/Hsp40 refolding
system, this was independent of the presence of ATP. However, the presence of ATP did
affect the number of CLIC1 subunits within the remaining αBc-CLIC1 complexes. Thus,
it is concluded that, in the presence of ATP, Hsc70 is able to more effectively remove
CLIC1 species from larger multi-subunit complexes compared to when ATP is not
present. It has been previously proposed that the efficiency of Hsp70-mediated refolding
is dependent on the size of the sHsp-client complexes, such that more refolding occurs
from smaller complexes (Ehrnsperger, Gräber et al. 1997, Lee, Roseman et al. 1997,
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Veinger, Diamant et al. 1998, Mogk, Deuerling et al. 2003). Based on the results from
this work, Hsc70 alone (in the absence of ATP) can facilitate the release of CLIC1 species
from smaller complexes; however, the removal of CLIC1 subunits from larger multisubunit complexes requires the addition of ATP.
It is important to note that under the experimental conditions used in this work, only a
small reduction in bulk FRET was measured when complexes were incubated with
refolding systems in the absence of ATP. This suggests that a significant amount of
CLIC1 needs to be displaced from the complexes in order to detect disassembly via this
bulk-FRET approach. Coupling the in vitro FRET-based approach with the ability to
visualise complexes at the single-molecule level provided a much more detailed view of
how the Hsp70/Hsp40 refolding system interacts with sHsp-client complexes. The singlemolecule results demonstrate that although the Hsc70/Hsp40 refolding system was able
to remove CLIC1 from some complexes, there was still a relatively high proportion of
CLIC1 that remained bound to αBc (approximately 20%). It is possible that the addition
of other NEFs, such as Hsp110, may increase the Hsp70-mediated disassembly of sHspclient complexes since it has been shown that Hsp110 increases the rate and overall yield
of Hsp70-mediated refolding of thermally denatured firefly luciferase in vitro (Dragovic,
Broadley et al. 2006, Rampelt, Kirstein‐Miles et al. 2012), albeit in the absence of sHsps.
Future studies incorporating Hsp110 and other NEFs into this assay may shed further
light on if this is indeed the case.
Taken together, the findings of this chapter provide further direct evidence for a
cooperative chaperone mechanism to prevent protein aggregation that involves removal
of client proteins bound to sHsps by the Hsp70/40 system for refolding. It is likely that
this mechanism acts in cells in order to prevent protein aggregation and refold proteins to
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their native state. The results suggest that upon cellular stress conditions, sHsps, such as
αBc, recognise and bind to misfolded client proteins preventing their aggregation,
forming sHsp-client protein complexes. sHsps hold the misfolded proteins in a foldingcompetent state until such a time that physiological conditions are restored. Hsc70, in
conjunction with an Hsp40, such as DNAJB1, and ATP, is then able to remove the
aggregation-prone client bound to sHsps. This model of holdase-foldase chaperone
function is similar to that proposed for the reactivation of sHsp-bound clients by the
Hsp70/Hsp100 refolding systems in E.coli and yeast (Veinger, Diamant et al. 1998,
Haslbeck, Miess et al. 2005, Żwirowski, Kłosowska et al. 2017). Whilst the FRET-based
in vitro assay coupled with the single-molecule fluorescence technique described here
clearly demonstrates that the Hsc70/Hsp40 refolding system is able to disassemble sHspCLIC1 complexes, it remains to be established the precise order in which the various
components of the refolding system interact in order for this process to occur. The
capacity of single-molecule fluorescence techniques to visualise protein-protein
interactions in real-time underscores the potential for further development of the
techniques used in this study. For example, it may be possible to visualise, in real-time,
the disassembly of sHsp-client complexes by the Hsc70/Hsp40 refolding system, thereby
providing a unique and fundamental insight into the mechanistic details of how these
chaperones work together to keep proteins soluble and folded, and thus maintain
proteostasis.
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Chapter 6: Examining the binding of sHsps to α-syn using SMF microscopy

6.1 Introduction and Rationale
The aggregation of the protein α-synuclein (α-syn) into insoluble amyloid fibrils deposits,
known as Lewy bodies, inside cells is a well-characterised pathological hallmark of a
group of neurodegenerative diseases that are together known as the synucleinopathies and
include Parkinson’s disease (PD), multiple system atrophy and dementia with Lewy
bodies (MartÌ, Tolosa et al. 2003). Whilst these deposits are composed primarily of αsyn, other proteins are present within Lewy bodies, including sHsp (Leverenz, Umar et
al. 2007, Wakabayashi, Tanji et al. 2007). Thus, whilst it is well established that sHsps
such as αBc and Hsp27 are able to prevent the fibrillar aggregation of α-syn in vitro
(Rekas, Adda et al. 2004, Waudby, Knowles et al. 2010, Bruinsma, Bruggink et al. 2011,
Cox and Ecroyd 2017, Cox, Whiten et al. 2018, Selig, Zlatic et al. 2020), there are
circumstances whereby sHsps fail to prevent the aggregation of α-syn and are
incorporated within the deposits formed within cells.
Previous studies have shown that sHsps are able to interact with multiple species of αsyn formed during the aggregation process, including monomeric intermediates and
mature fibrils (Waudby, Knowles et al. 2010, Cox, Selig et al. 2016, Cox, Whiten et al.
2018). The interaction of sHsps with α-syn fibrils decreases their hydrophobicity and
reduces the cytotoxicity associated with α-syn aggregates (Cox, Whiten et al. 2018) and
therefore likely represents an important mechanism by which sHsps act to protect the cell
from α-syn aggregation. The interaction between sHsps and α-syn has predominately
been studied by examining the effect sHsps have on the aggregation kinetics of α-syn in
vitro. This is achieved by monitoring the increase in fluorescence of dyes such as
thioflavin T (ThT) (Waudby, Knowles et al. 2010, Binger, Ecroyd et al. 2013, Cox, Selig
et al. 2016, Cox and Ecroyd 2017, Gade Malmos, Blancas-Mejia et al. 2017, Cox, Whiten
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et al. 2018, Selig, Zlatic et al. 2020). Whilst this method can be used to probe the
mechanism by which sHsps inhibit fibril formation (e.g. by increasing the lag phase or
decreasing the rate of fibril elongation), it does not provide information regarding the type
of protein-protein interactions that occur (transient or stable) or the morphology of species
formed as a result of these interactions.
Despite ongoing research, the precise mechanisms by which sHsps bind to α-syn fibrils
remains unclear. This is due, at least in part, to the heterogeneous nature of both fibril
formation and the large polydisperse oligomers formed by αBc and Hsp27 (Lambert,
Charette et al. 1999, Aquilina, Benesch et al. 2003). Whilst these characteristics makes it
difficult to study the interaction between sHsps and α-syn using traditional ensembleaveraging techniques such as ThT assays, the polydispersity of sHsps is believed to play
an important role in the chaperone’s ability to interact with client proteins.
Phosphorylation of serine residues in the N-terminal region of αBc and Hsp27 has been
shown to push the equilibrium of oligomeric states towards predominately dimeric forms,
which is reported to affect the chaperone activity of these sHsps (Rogalla, Ehrnsperger et
al. 1999, Aquilina, Benesch et al. 2004, McDonald, Bortolus et al. 2012, Jovcevski, Kelly
et al. 2015). Recently a study comparing the chaperone activity of various mutated and
truncated isoforms of αBc and Hsp27 demonstrated that the phosphomimicking form of
Hsp27 (Hsp27S15D/S78D/S82D, referred to hererin as Hsp273D) had an enhanced ability to
bind mature α-syn fibrils compared to its wild-type counterpart (Selig, Zlatic et al. 2020).
Furthermore, monomeric isolated ACDs of αBc and Hsp27 have a significantly reduced
ability to inhibit the elongation of α-syn fibrils compared to isoforms of the sHsps that
containing the terminal regions (Cox, Selig et al. 2016). Thus, different regions within
the sHsps and the oligomeric assemblies that they form appear to affect the ability of
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sHsps to interact with the various species that form during and as a result of α-syn
aggregation.
Many details regarding the mechanism by which sHsps bind to and inhibit the elongation
of α-syn fibrils remain unanswered. For example, do sHsps only interact with specific
species of α-syn (i.e. seeds or small fibrils) in order to prevent the formation of long
fibrils? Do the interactions between sHsps and α-syn during the elongation process affect
the overall lengths of the resulting α-syn species? Are there specific regions along α-syn
fibrils to which sHsps bind in order to prevent further elongation? In this work a singlemolecule based approach was developed and employed in order to interrogate the
interaction between sHsp and α-syn and addressed these outstanding questions.
In this work fibrils were visualised via TIRF microscopy using a recently described αcyanostilbene derivative (ASCP) dye (Marzano, Wray et al. 2020). This dye was
employed as it has been shown to have a higher binding affinity to fibrillar α-syn (Kb =
5.5 ± 0.7 μM) compared to ThT (Kb = 9.9 ± 1.5 μM), which has been traditionally used
in TIRF-based imaging of fibrils (Ban, Yamaguchi et al. 2006, Ferkinghoff-Borg, Fonslet
et al. 2010, Patil, Mehta et al. 2011, Wördehoff, Bannach et al. 2015, Marzano, Wray et
al. 2020). Furthermore, ASCP dye has a large Stokes shift, which allows simultaneous
monitoring of the fluorescence emission of AF488 labelled sHsps following excitation
with the same laser used to excite ASCP (Marzano, Wray et al. 2020). These enhanced
and unique spectral characteristics make ASCP ideally suited for examining the
interaction between sHsps and α-syn. Furthermore, to determine the importance of
specific regions within sHsps and the oligomeric assemblies required for these
interactions, the chaperone activity of full length αBc and Hsp27 were compared with
their ACD-only counterparts. Additionally, the chaperone activity of a full-length Hsp27
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construct with three serine-to-aspartate mutations (Hsp273D), designed to mimic the
predominantly dimeric phosphorylated form (Jovcevski, Kelly et al. 2015), was compared
to wild type Hsp27. The effect each of these sHsp isoforms had on the length of α-syn
fibrils, as well as their binding capacity, was assessed. In doing so, this work provides
important insight into how sHsps interact with α-syn aggregates and highlights the ability
of single-molecule techniques to uncover details in highly heterogeneous bimolecular
systems.
6.2 Methods
6.2.1 Sample preparation
6.2.1.1 Preparation of α-syn seeds
α-Syn seeds were produced as previously described (Buell, Galvagnion et al. 2014) with
some modifications. Briefly, 100 μM monomeric α-syn was incubated in 20 mM
phosphate buffer (pH 6.3) at 45⁰C for 24 hr under constant stirring using a Teflon bar on
a ‘WiseStir’ heating plate. Following this, samples were probe-sonicated (three cycles of
10 sec at 30% power) before being incubated for a further 24 hr. The resulting α-syn
fibrils were then centrifuged (50 000 x g, 20 min, 4⁰C) and the pellet was resuspended in
20 mM phosphate buffer (pH 7.4). The fibrils were fragmented by probe sonication (three
cycles of 10 sec at 30% power) and the final concentration of resulting seeds was
determined using a Nanodrop 2000c Spectrophotometer (Thermo Fisher Scientific).
Seeds were then distributed into aliquots (50 μL), flash frozen in liquid N2 and stored at
-20⁰C. In the experiments described in this chapter, the concentration of seeds is reported
as the monomer-equivalent concentration.
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6.2.1.2 Observation of elongation of α-syn fibrils ex situ using TIRF
microscopy
a-Syn (50 µM monomer, 2.5 µM seed) in 20 mM phosphate buffer (pH 7.4) was
incubated at 37°C for 24 hr. Aliquots were taken at various timepoints throughout the
incubation (0, 1, 3, 6, 12 and 24 hr) and were centrifuged at 50 000 x g for 20 min at 4°C.
Samples were subsequently diluted 1:4000 into 20 mM phosphate buffer (pH 7.4)
supplemented with 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (6 mM,
TROLOX) (phosphate imaging buffer) containing 5 µM ASCP before 50 µL of each
sample was loaded onto a poly-L-lysine treated coverslip (see section 2.5.2 for coverslip
preparation) and imaged. Samples were randomised so that the researcher was blinded to
treatment during imaging.
6.2.1.3 Examining the effect of sHsps on the elongation of α-syn fibrils
a-Syn (50 µM monomer, 2.5 μM seeds) in 20 mM phosphate buffer (pH 7.4) was
incubated at 45°C for 48 hr in the presence or absence of αBcC176, αBcACD, Hsp27WT,
Hsp27ACD or Hsp273D (5 μM). Following incubation, samples were centrifuged at 50 000
x g for 20 min at 4⁰C and the resulting pellets were resuspended into an equivalent volume
of fresh 20 mM phosphate buffer (pH 7.4). Samples were subsequently diluted 1:1000
into phosphate imaging buffer containing 5 µM ASCP dye before 50 µL of each sample
was loaded onto a poly-L-lysine treated coverslip for imaging (see section 2.5.2 for
coverslip preparation). Images were collected from three independent experiments and
the length of the resulting α-syn structures (fibrils and seeds) were determined as
described below (see section 6.2.2).
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6.2.1.4 Fluorescent labelling of sHsps
C-terminal cysteines were used for site-specific attachment of a fluorophore. Thus, the
single cysteine (C137) within the Hsp27WT, Hsp27ACD and Hsp273D isoforms was mutated
to a serine prior to an additional cysteine (C206) being introduced as the extreme Cterminal residue. Thus, in this work Hsp27C137S/C206 is referred to as Hsp27C206,
Hsp27ACD/C137S/C206 is referred to as Hsp27ACD/C206 and the Hsp273D/C137S/C206 is referred
to as Hsp273D/C206. A cysteine residue (C176) was introduced to the extreme C-terminal
residue in both the full length αBc (αBcC176) and ACD αBc (αBcACD/C176) isoforms.
The degree of fluorescent labelling of each of the sHsp isoforms was calculated and is
reported in section 2.4. SOD1 was fluorescently labelled with an Alexa Fluor 488
(AF488) NHS Ester (Succinimidyl Ester) (ThermoFischer Scientific) as per the
manufacturer’s instructions resulting in an average final labelling efficiency of 3.4
fluorophores per protein.
6.2.1.5 Observing the binding of fluorescently labelled sHsps to
elongating or mature α-syn fibrils
To observe the binding of sHsps to elongating a-syn fibrils, AF488-labelled αBcC176,
αBcACD/C176, Hsp27C206, Hsp27ACD/C206 or Hsp273D/C206 (1 μM) was incubated with
elongating a-syn (50 µM monomer, 2.5 μM seeds) in 20 mM phosphate buffer at 45°C
for 48 hr. Conversely, to examine the binding of the sHsp isoforms to preformed (mature)
fibrils, a-syn fibrils were prepared as previously described (see section 6.2.1.3) and
subsequently incubated with 1 μM of fluorescently labelled (AF488) sHsps isoforms for
30 min at room temperature. Following these incubations, all samples were centrifuged
at 50 000 x g for 20 min at 4⁰C to remove any unbound sHsps and the resulting pellets
were resuspended into an equivalent volume of fresh 20 mM phosphate buffer (pH 7.4).
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Samples were subsequently diluted 1:1000 into phosphate imaging buffer containing 5
µM ASCP dye prior to 50 µL of each sample being loaded onto a poly-L-lysine treated
coverslip for imaging (coverslip preparation described in section 2.5.2). The percentage
of α-syn structures colocalised with sHsp foci and the proportion of fibrils and seeds
within this population was calculated (as described below) and both are reported as mean
± SEM of three independent experiments for each treatment.
6.2.2 TIRF microscopy image acquisition and analysis
6.2.2.1 TIRF microscopy image acquisition
Images of samples were acquired at room temperature (approx. 20⁰C) on a custom-built
TIRF microscope illuminated with a 488 nm laser (TIRF microscope setup described in
section 2.6.1). Since the ASCP dye has a large stokes shift of 145 nm (Marzano, Wray et
al. 2020), single-laser two-colour imaging TIRF microscopy experiments were performed
by splitting the emission from both the AF488-labelled sHsps and ASCP fibril signals via
a 635 nm dichroic mirror using Photometrics Dual View (DV-2). The split emissions
were then simultaneously focused onto an EMCDD camera for image capture (see section
2.6.1). Acquired images were subsequently processed for laser profile and background
corrections in Fiji (see section 2.7.3).
6.2.2.2 Single-molecule fibril length analysis
Fibril lengths were calculated using the available Fiji macro, Ridge Detection, which is
based on a previously described line detection algorithm (Steger 1998). Using homewritten scripts in Matlab, the resulting lengths were then deconvolved using the following
equation:
Deconvolved fibril length = 2[(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑙𝑒𝑛𝑔𝑡ℎ)! − (𝑑𝑖𝑓𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑙𝑖𝑚𝑖𝑡)! ]
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The deconvolved fibril lengths were then log10 transformed and plotted as histograms or
violin plots which were constructed using Prism8 (GraphPad, CA, USA). All statistical
analyses of violin plots representing fibril length distributions were performed using
Kruskal-Wallis tests for multiple comparisons with Dunn’s procedure. For all statistical
analyses a P value of less than 0.05 was considered significant.
6.2.2.3 Identifying α-syn seeds and fibrils
To determine the population of seeds and fibrils within each sample, the length of α-syn
seeds prior to elongation was determined. The mean and standard deviation of these seed
lengths was calculated and all values within each data set that were more than 1 standard
deviation above the mean were classified as fibrils. All species with a length less than 1
standard deviation of the mean seed length were classified as seeds. The percentage of
seeds within each sample was calculated using the following equation:
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 = I
M × 100
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 + 𝑓𝑖𝑏𝑟𝑖𝑙𝑠
To examine the elongation of fibrils over 24 hr, seeds were filtered from all data and the
remaining fibril lengths were fit to Gaussian distributions. The average fibril length of
each of these distributions was then deconvolved and used to calculate the mean growth
rate (μM. h-1) at each time point.
6.2.2.4 sHsp-fibril colocalisation analysis
Home written software in Fiji was used to identify α-syn fibrils colocalised with sHsp
foci (see section 2.7.3). The percentage of colocalised fibrils and seeds was calculated
and reported as mean ± SEM of all independent replicates. Further analysis of the number
and locations of αBcC176, Hsp27C206 or Hsp273D/C206 foci colocalised with mature α-syn
were performed using custom written scripts in Fiji and Matlab. In order to determine if
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the sHsp foci were predominantly bound at the end or in the middle of fibrils, fibrils larger
than 12 pixels (1.188 μm) with colocalised sHsps were selected and their lengths were
split into two regions – end or middle. The end region was defined as the area within 3
pixels (297 nm) of the fibrils terminal and the middle region was the area between the
two end regions. For each individual fibril the number of sHsp foci that colocalised within
the end and middle regions was calculated. To account for the probability of a sHsp foci
being located in the middle region due to it having a larger area (in fibrils>12 pixels), the
number of sHsp foci per fibril length (μm) within the end and middle regions was
calculated for each sample and is reported as the mean ± SEM of all analysed fibrils.
Comparisons of the number of αBcC176, Hsp27C206 or Hsp273D/C206 foci per fibril length
(μm) at an end or in the middle of a fibril was performed using an unpaired student’s ttest. The fluorescence intensity of the sHsp foci colocalised at the end and in the middle
of the mature α-syn fibrils was measured using custom written scripts in Fiji and are
represented as violin plots.
6.3 Results
6.3.1 Determining the length of α-syn fibrils via TIRF microscopy
A single-molecule based approach exploiting the ability of the ASCP dye to visualise
fibrils using TIRF microscopy was developed in order to measure the lengths of
individual α-syn fibrils (Marzano, Wray et al. 2020). This approach involved the
incubation of α-syn monomer with seeds to generate mature fibrils. These fibrils were
subsequently diluted into buffer containing ASCP dye and loaded onto a poly-L-lysine
treated coverslip (Fig. 6.1A). When immobilised on the coverslip, fibrils of varying
lengths were observed using TIRF microscopy and the length of each of these fibrils was
calculated via ridge detection software (Fig. 6.1B). Collating and plotting the lengths of
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individual fibrils demonstrated that the elongation assay used in this work results in a
bimodal distribution with regard to the length of a-syn species present (Fig 6.1C). When
α-syn seeds were imaged using the same approach, the length distribution indicated their
mean length was 194.89 nm with a standard deviation of 2.32 nm (data not shown).
Therefore, all length values that were less than 197.21 nm (i.e. the mean plus one standard
deviation) were classified as seeds, whilst those longer than 197.21 nm were classified as
fibrils.

Figure 6.1: The length of a-syn fibrils grown in situ as determined via imaging of fibrils at
the single-molecule level using ASCP dye and TIRF microscopy. (A) Schematic showing the
methodology for visualisation of α-syn fibrils at the single-molecule level. (1) Fibrils were
generated in 20 mM phosphate buffer (pH 7.4) via the incubation of α-syn monomer (50 μM) and
seeds (2.5 μM) at 37⁰C for 24 hr with aliquots taken at different timepoints throughout the
incubation (0, 1, 3, 6, 12 and 24 hr). Following collection, aliquots were immediately (2) diluted
1:4000 into phosphate imaging buffer containing ASCP (5 μM) and (3) loaded onto a poly-Llysine treated coverslip. (B) Samples were (4) imaged using TIRF microscopy (representative
images shown of α-syn fibrils and seeds, scale bar = 3 μm) and (5 and 6) the length of the fibrils
present was determined using ridge detection software (representative image of ridge detection
software overlaying fibrils). (C) Example fibril length distribution following 3 hr incubation of
α-syn monomer and seeds, with the shaded region representing lengths classified as seeds.

6.3.2 Observing the elongation of α-syn fibrils ex situ using TIRF microscopy
As it was established that α-syn fibrils were able to be visualised and measured at the
single-molecule level, this approach was employed to investigate the kinetics of α-syn
fibril elongation. Aliquots of a sample containing α-syn monomer and seeds incubated
together at 37⁰C were taken at various timepoints over 24 hr and subsequently imaged via
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TIRF microscopy. As expected, on average fibrils were observed to increase in length
over the incubation time (Fig. 6.2).

Figure 6.2: Elongation of α-syn fibrils over time examined using TIRF microscopy.
Recombinant α-syn monomer (50 μM) and seeds (2.5 μM) were incubated together in 20 mM
phosphate buffer (pH 7.4) at 37⁰C for 24 hr. Aliquots were taken from the elongation reaction at
0, 1, 3, 6, 12 and 24 hr. The samples were diluted 1:4000 into phosphate imaging buffer containing
ASCP (5 μM) and immobilised to a coverslip for visualisation via TIRF microscopy.
Representative TIRF microscopy images for each time point shown. Scale bar = 5 μm

The length of fibrils and seeds at each timepoint were subsequently determined and used
to examine the elongation kinetics of this process. Initially, 85% of the α-syn species
detected were seeds and this decreased to 47% following 24 hr of incubation (Fig. 6.3A).
Thus, the image analysis demonstrated that there was a significant proportion of α-syn
seeds that failed to elongate under these experimental conditions. Conversely, the
population of seeds that were able to elongate into α-syn fibrils increased in length over
time, with the mean fibril length increasing over the first 6 hr of incubation before
reaching a plateau (of 2.5 ± 0.11 μm) after 24 hr (Fig. 6.3B). This elongation rate of the
α-syn fibrils showed an inverse relationship to mean fibril length, with an initial rate of
1.44 ± 0.06 μm.h-1 that decreased over 6 hr of incubation before reaching a plateau of
0.104 ± 0.004 μm.h-1 (Fig. 6.3C). Taking the average of all individual fibril growth rates
observed, the mean fibril growth rate over 24 hr was determined to be 0.58 ± 0.02 μm.h1

.
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Figure 6.3: The elongation of α-syn seeds into fibrils as determined via TIRF microscopy.
Recombinant α-syn monomer (50 μM) and seeds (2.5 μM) were incubated together in 20 mM
phosphate buffer (pH 7.4) at 37⁰C for 24 hr. Aliquots were taken from the elongation reaction at
0, 1, 3, 6, 12 and 24 hr. The samples were diluted 1:4000 into imaging buffer containing ASCP
(5 μM) and immobilised to a coverslip for visualisation via TIRF microscopy. Fibril lengths were
determined from images using ridge detection software in Fiji. The percentage of seeds per
sample was calculated. (A) Length distributions of α-syn species at each time point, with shaded
region representing lengths classified as seeds. The percentage of the seeds is indicated. Fibril
lengths were then fit to Gaussian distributions (goodness-of-fit values, R2, reported for each
distribution). (B) Mean fibril length (μm) were deconvolved and (C) mean fibril growth (μm.h-1)
at each time point reported as the mean ± SD of (n = 3, errors bars are too small to see for some
data points). Both data sets fit to a one phase exponential decay model.
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6.3.3 sHsps affect the lengths of elongating α-syn fibrils
To examine whether sHsps have an impact on the elongation of a-syn fibrils, a-syn was
elongated in the presence or absence of a range of sHsps isoforms spanning wild-type
forms of the two most studied sHsps (aBcWT, and Hsp27WT), their isolated a-crystallin
domains (aBcACD and Hsp27ACD), and a phosphomimic of Hsp27 that is predominately
dimeric (Hsp273D). Following incubation, samples were imaged using TIRF microscopy
and the length distributions were calculated (Fig. 6.4A). Under these experimental
conditions (i.e. incubation at 45⁰C for 48 hr) the length of a-syn seeds prior to elongation
was 283.4 ± 145.6 nm (mean ± standard deviation) (data not shown). As expected, the
length distribution of a-syn elongated in the absence of sHsps was bimodal; it contained
non-elongation competent seeds and elongated fibrils (Fig. 6.4B). Whilst the length
distributions of α-syn in the presence of all sHsps were still bimodal, the fibrils were
significantly shorter (P < 0.0001) when formed in the presence of αBcWT, αBcACD and
Hsp27WT compared to when the sHsps were not present (Fig. 6.4C-H). There was no
statistically significant difference between the lengths of fibrils in the absence of sHsps
and those incubated with Hsp27ACD and Hsp273D; however, there was a trend towards
smaller fibrils being formed when α-syn was incubated in the presence of these sHsp
isoforms. Interestingly, there was no significant differences (P > 0.05) in the percentage
of seeds present within each sample when α-syn was incubated alone (84.9 ± 1.3%)
compared to when it was incubated in the presence of sHsps (αBcWT - 88.6 ± 1.8%;
αBcACD - 87.6 ± 1.5%; Hsp27WT - 85.6 ± 1.1%; Hsp27ACD - 85.3 ± 1%; Hsp273D - 83.2 ±
2.2%: mean ± SEM).
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Figure 6.4: Length of α-syn fibrils in the presence or absence of sHsps. (A) Schematic
showing the methodology employed to examine the length of α-syn fibrils in the presence of
sHsps. (1) Recombinant α-syn monomer (50 μM) and seeds (2.5 μM) were incubated at 45⁰C for
48 hr in the presence or absence of the sHsps; αBcWT, αBcACD, Hsp27WT, Hsp27ACD and Hsp273D.
(2) Samples were diluted 1:1000 into phosphate imaging buffer containing ASCP (5 μM) and (3)
loaded onto a poly-L-lysine treated coverslip for TIRF microscopy. (4) Fibril lengths were
determined from images using ridge detection software in Fiji. Example images shown of fibrils,
scale bar = 3 μm. Fibril length distributions for α-syn in the (B) absence or presence of (C) αBcWT,
(D) αBcACD, (E) Hsp27WT, (F) Hsp27ACD and (G) Hsp273D. The shaded area represents the seed
threshold with the percentage of species classified as seeds presented for each sample. (H) Violin
plot showing the length distribution of α-syn fibrils (seeds not included) within each sample. The
violin plots show the kernel distribution (black outline), median (red) and interquartile range
(blue). Comparison of distributions was performed using Kruskal-Wallis test for multiple
comparisons with Dunn’s procedure (P values indicated).

6.3.4 sHsps bind to α-syn during elongation
Previous studies have demonstrated that sHsps such as αBc and Hsp27 are able to interact
with α-syn species formed in both the early and late stages of the elongation process (Cox,
Carver et al. 2014, Cox, Selig et al. 2016). Whilst it has been shown that sHsps are able
to transiently interact with monomeric species of α-syn (Cox, Selig et al. 2016), it is
thought that sHsps stably interact with larger oligomeric species (seeds) in order to shield
hydrophobic surfaces, preventing the association of unbound free monomeric species and
thereby inhibiting the elongation of these species into mature α-syn fibrils (Cox, Whiten
et al. 2018). In order to investigate this further, the interaction between sHsps and α-syn
during the process of fibril elongation was visualised at the single-molecule level. To do
so, sHsps (each containing an additional C-terminal cysteine for site-specific attachment
of a fluorophore) were fluorescently labelled and incubated with a-syn during the
elongation process. Fluorescent labelling of the sHsps allowed for identification of sHsps
stably bound to a-syn seeds and fibrils. This was determined by examining colocalisation
between the a-syn and sHsps, thereby allowing the length of sHsp-bound (colocalised)
and non-bound (non-colocalised) a-syn species to be determined (Fig. 6.5A).
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Incubation of elongating α-syn with AF488-labelled SOD1, a non-chaperone control
protein, resulted in a low percentage of α-syn species colocalised with SOD1 foci (1.3 ±
0.4%) (Fig. 6.5B). Conversely, when elongating α-syn was incubated in the presence of
the sHsps isoforms, there was substantial colocalisation between α-syn and the AF488labelled sHsps. This colocalisation was significantly higher (P < 0.0026) for aBcC176 (9.0
± 0.9%), aBcACD/C176 (7.3 ± 1.1%), Hsp27C206 (8.0 ± 0.6%) and Hsp27ACD/C206 (9.5 ±
3.4%) compared to SOD1. Interestingly, there was no significant difference in the
percentage colocalisation of Hsp273D/C206 (4.6 ± 2.2%) compared to SOD1. Moreover,
there was no difference in the percent colocalisation between α-syn and the other sHsp
isoforms tested, suggesting that all the sHsps isoforms, except for Hsp273D/C206, recognise
and bind to α-syn during its elongation.
In order to determine if the sHsp isoforms preferentially bind α-syn fibrils or seeds, the
proportion of seeds and fibrils bound by each sHsps isoform was calculated (Fig. 6.5 C).
aBcC176 and Hsp27C206 were observed to be colocalised with a higher proportion of seeds
(65.0 ± 0.8% and 71.3 ± 4.9% respectively; mean ± SEM) than fibrils (35.0 ± 0.8% and
28.7 ± 4.9% respectively). In contrast, aBcACD/C176 and Hsp27ACD/C206 were bound to an
equal proportion of seeds and fibrils (46 ± 7.5% seeds compared to 54 ± 7.5% fibrils and
49.4 ± 12.6% seeds compared to 50.6 ± 12.6% fibrils; respectively) whilst Hsp273D/C206
was colocalised with a lower proportion of seeds than fibrils (55.4% ± 1.8% seeds
compared to 44.6 ± 1.8% fibrils). Further analysis of the lengths of the α-syn species (i.e.
both fibrils and seeds) within each sample demonstrated that the α-syn species colocalised
with the sHsp isoforms were longer than species that were free in solution (noncolocalised) (Fig. 6.5D). Interestingly, there was no significant difference in the lengths
of non-colocalised species elongated in the presence of each sHsp isoform. However,
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species that were bound by the full-length sHsp isoforms (αBcC176 and Hsp27C206) were
significantly shorter in length compared to those bound by the ACD alone or
phosphomimicking isoforms (αBcACD/C176 and Hsp27ACD/C206, Hsp273D/C206). Together,
these results demonstrate that although all the sHsp isoforms examined bind a similar
proportion of α-syn species in total, the wild type isoforms bind more readily to α-syn
seeds and inhibit their elongation. This may be due to the differences in the oligomeric
forms between these isoforms; wild type sHsps isoforms form polydisperse oligomers in
solution whereas aBcACD/C176, Hsp27ACD/C206 and Hsp273D/C206 are predominantly
monomers and/or dimers (Hochberg, Ecroyd et al. 2014, Jovcevski, Kelly et al. 2015).
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Figure 6.5: Examining the binding of fluorescently labelled sHsps to α-syn during fibril
elongation. (A) Schematic showing the methodology employed to examine the binding of sHsps
to α-syn (fibrils and seeds) during elongation. (1) Recombinant α-syn monomer (50 μM) and
seeds (2.5 μM) were incubated at 45⁰C for 48 hr in the presence of 1 μM of fluorescently labelled
(AF488) sHsps (αBcC176, αBcACD/C176, Hsp27C206, Hsp27ACD/C206 or Hsp273D/C206) or a nonchaperone control SOD1. (2) Samples were centrifuged (50 000 x g, 20 min, 4⁰C) and diluted
1:1000 into phosphate imaging buffer containing 5 μM ASCP dye before (3) being loaded onto a
coverslip for two-colour TIRF microscopy. Images were collected and aligned to identify α-syn
species (fibrils or seeds) colocalised with sHsp foci. Example images shown on left (4), panel
shows an example of a fibril colocalised with sHsp foci. Scale bar = 3 μm. (B) Percentage of αsyn species colocalised with SOD1 or full-length (FL), ACDs and phosphomimic (3D) sHsp
foci. (C) Proportion (%) of colocalised α-syn species that were seeds (coloured) or fibrils (grey)
for each sHsp isoform. Data are reported as mean ± SEM (n = 3). (D) Violin plot showing the
length distribution of α-syn structures (seeds and fibrils included) colocalised (left; white) or noncolocalised (right; grey) with the sHsp isoforms. The violin plots show the kernel distribution
(black outline), median (red) and interquartile range (blue). Dotted line indicates the seed
threshold - any lengths higher than this threshold were classified as fibrils and lengths below the
threshold were classified as seeds. Comparison of distributions was performed using KruskalWallis test for multiple comparisons with Dunn’s procedure; ** denotes P<0.002 and
****denotes P<0.0001.
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6.3.5 sHsps bind to mature α-syn fibrils
Previous studies have demonstrated that sHsps such as αBc and Hsp27 can bind to mature
a-syn fibrils that have already formed (Waudby, Knowles et al. 2010, Cox, Whiten et al.
2018, Selig, Zlatic et al. 2020). It has been suggested that in doing so, sHsps stabilise and
prevent the fragmentation of mature fibrils by binding to the surface and ends of the fibril
(Cox, Whiten et al. 2018). To further investigate the ability of sHsps to bind mature fibrils,
preformed fibrils were incubated with fluorescently labelled sHsps isoforms (αBcC176,
αBcACD/C176, Hsp27C206, Hsp27ACD/C206 or Hsp273D/C206) and subsequently imaged using
TIRF microscopy. Since the elongation of α-syn under these conditions used to generate
fibrils results in a population of α-syn structures that include both non-elongation
competent seeds and mature fibrils (see Fig. 6.3), the proportion of seeds and fibrils bound
by each sHsp isoform was able to be calculated. Fibrils and seeds with stably bound sHsps
were identified by examining the colocalisation between these a-syn structures and the
sHsp foci (Fig. 6.6A).
When the non-chaperone control protein AF488-labelled SOD1 was used in place of a
sHsp isoform in this incubation less than 3.8 ± 1.2% of the α-syn species visualised at the
single-molecule level were colocalised with SOD1 foci (Fig. 6.6B). As expected,
incubation of the full-length sHsp isoforms αBcC176, Hsp27C206 and Hsp273D/C206
significantly increased (P < 0.05) the percentage of α-syn species colocalised with
fluorescently labelled protein by three-fold (to approximately 12% for all isoforms)
compared to the SOD1 control. Interestingly, when α-syn was incubated in the presence
of αBcACD/C176 (5.1 ± 0.9%) or Hsp27ACD/C206 (5.2 ± 0.6%) in this assay there was no
significance difference in the percentage of colocalised α-syn species compared to the
SOD1 control. Thus, these data suggest that the N- and/or C-terminal regions play a
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critical role in fibril binding, as has been previously reported (Cox, Whiten et al. 2018,
Selig, Zlatic et al. 2020).
All of the sHsps isoforms were colocalised with an equal or slightly higher proportion of
fibrils compared to seeds (Fig. 6.6C). Analysis of the fibril population colocalised with
αBcC176, Hsp27C206 or Hsp273D/C206 demonstrated that the majority of these fibrils had a
single sHsp foci associated with them (Fig. 6.6D). However, a small population of the
fibrils had multiple sHsp foci distributed non-uniformly across the length of the fibril
(Fig. 6.6F) with some fibrils having up to 6 colocalised sHsp foci along the entire length
of the fibril. There was a positive correlation between fibril length and the number of
colocalised sHsp foci (Fig. 6.6E).
Previous studies have suggested that sHsps prevent the elongation of a-syn fibrils by
competing with monomeric a-syn for access to the fibril ends (Waudby, Knowles et al.
2010, Cox, Whiten et al. 2018). To examine if there is a preference for sHsps to bind
stably to the end of fibrils, the location of the sHsp foci colocalised with a-syn fibrils was
examined. Whilst aBcC176, Hsp27C206 and Hsp273D/C206 foci were observed to be located
at both the middle and ends of fibrils, there was a significantly higher number of foci per
fibril length (i.e. density of sHsp foci) at the ends of the fibrils (Fig. 6.6F).
Since the aBcC176, Hsp27C206 and Hsp273D/C206 isoforms were site specifically labelled at
an additional C-terminal cysteine residue each monomeric unit contains a single
fluorophore. Thus, the fluorescence intensity of foci can provide information with regard
to the relative number of sHsp subunits bound to each point along the surface of the fibril.
This was exploited to examine the binding of the sHsp isoforms to the ends or in the
middle of fibrils in greater detail by determining the average fluorescence intensity of the
foci associated with a fibril. This analysis demonstrated that there was no significant
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difference in the fluorescence intensity of aBcC176 foci located at the middle or ends of
the fibrils (Fig. 6.6G). However, Hsp27C206 and Hsp273D/C206 foci that were located in the
middle of the fibril were significantly higher in fluorescence intensity than those located
at the ends. Therefore, these results suggest that whilst aBcC176, Hsp27C206 and
Hsp273D/C206 all preferentially bind to the ends of mature a-syn fibrils, a higher number
of Hsp27C206 and Hsp273D/C206 subunits bind to the middle of the fibrils compared to the
ends.
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Figure 6.6: Examining the binding of fluorescently labelled sHsps to mature α-syn fibrils
using TIRF microscopy. (A) Schematic showing the methodology employed to examine the
binding of sHsps to mature α-syn fibrils. (1) α-Syn fibrils (prepared by elongation of 50 μM
monomer with 2.5 μM seeds in 20 mM phosphate buffer at 45⁰C for 48 hr) were incubated in the
presence of 1 μM fluorescently labelled (AF488) sHsps (αBcC176, αBcACD/C176, Hsp27C206,
Hsp27ACD/C206 or Hsp273D/C206) or SOD1 at room temperature for 30 min. (2) Samples were
centrifuged (50 000 x g, 20 min, 4⁰C) and diluted 1:1000 into phosphate imaging buffer
containing 5 μM ASCP dye before (3) being loaded onto a coverslips for two-colour TIRF
microscopy. Images were collected and aligned to identify α-syn structures colocalised with sHsp
foci. Example images shown on left (4), panel shows an example of a fibril colocalised with sHsp
foci. Scale bar = 3 μm. (B) Percentage of α-syn structures colocalised with SOD1 or full-length
(FL), ACDs and phosphomimic (3D) sHsp foci reported as mean ± SEM (n = 3). (C) Proportion
(%) of colocalised α-syn species that were seeds (coloured) or fibrils (grey) for each sHsp
isoform. Data are reported as mean ± SEM (n = 3). Statistical significance between the means
were assessed using a one-way ANOVA followed by Tukey’s, where * denotes P < 0.05. (D) The
proportion of α-syn fibrils with increasing numbers (1-6) of colocalised sHsp foci. (E) Box and
whiskers plot showing the length (log10(nm)) distribution of fibrils with increasing numbers (16) of colocalised αBcC176, Hsp27C206 or Hsp273D/C206 foci. (F) Example TIRF microscopy image
of a α-syn fibril (magenta) colocalised with multiple αBcC176 foci (green) located at the ends or
middle of the fibril. Scale bar = 1 μm. (G) The number of sHsp foci per fibril length (μm) at the
ends (<297 nm from fibril end) or middle (>297 nm from the fibril end) for large fibrils (>1.188
μm) colocalised with αBcC176 (FL), Hsp27C206 (FL) and Hsp273D/C206 (3D) foci. Data are reported
as mean ± SEM of all analysed fibrils. Samples were compared via an unpaired student’s t-test.
(H) Violin plot showing the fluorescence intensity distribution of sHsp foci (αBcC176 (FL),
Hsp27C206 (FL) and Hsp273D/C206 (3D)) colocalised at the end or middle of fibrils. Comparison of
distributions was performed using Kruskal-Wallis test for multiple comparisons with Dunn’s
procedure. For all statistical analysis a P value of less than 0.05 was considered significant. In
(G) and (H) P values are stated where appropriate.
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6.4 Discussion
It is well established that sHsps interact with various species formed during the
aggregation of α-syn (Waudby, Knowles et al. 2010, Cox, Selig et al. 2016, Selig, Zlatic
et al. 2020). Previous work has demonstrated that these interactions lead to the inhibition
of α-syn aggregation, a decrease in hydrophobicity of the fibrils and a reduction in the
cytotoxicity of species formed during this process (Cox, Whiten et al. 2018). Despite this,
the precise molecular mechanisms that underpin these interactions remain to be
established. A significant challenge in elucidating these molecular mechanisms is the
heterogeneous and dynamic nature of these protein-protein interactions. Therefore, the
primary aim of the work described in this chapter was to exploit and further develop
single-molecule fluorescence-based approaches to examine the interaction and
subsequent effect that the sHsps αBc and Hsp27 have on the elongation of α-syn seeds
into mature fibrils.
Visualisation of α-syn seed elongation over time at the single-molecule level
demonstrated the heterogeneous nature of this process; α-syn seeds and fibrils of varying
lengths are present during the elongation process and only a subset of seeds elongated
into fibrils. Thus, length analysis of individual α-syn species formed following incubation
under conditions that facilitate elongation of the pre-formed seeds revealed that only half
of these seeds elongated into mature fibrils. The presence of non-elongated seeds was
unsurprising given that a previous study examining the elongation of α-syn using twocolour TIRF microscopy reported that a proportion of the seeds (17%) showed little to no
growth over the elongation period (Pinotsi, Buell et al. 2014). Furthermore, this previous
study and another (Buell et al, 2014) reported that no new seeds form under the conditions
used for fibril elongation, thus demonstrating that non-elongated seeds are inactive
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species rather than newly formed oligomers (Buell, Galvagnion et al. 2014, Pinotsi, Buell
et al. 2014). The inability of some seeds to elongate may be due to morphological
differences in the seed population (Eisenberg and Jucker 2012, Bousset, Pieri et al. 2013,
Guo, Covell et al. 2013, Pinotsi, Buell et al. 2014). Thus, the proportion of inactive seeds
may be dependent on the experimental conditions under which the fragmented seeds were
produced as the only differences between the conditions used in this study (47% of seeds
were non-elongation competent) compared to the previous study by Pinotsi, Buell et al.
(2014) (17% of seeds were non-elongation competent) was the concentration of a-syn
used (100 µM versus 500-800 µM, respectively) and the incubation time (24 hr vs 48 hr).
The elongation of seeds was found to occur primarily within the first 6 hr of incubation,
a result that is in accord with previous work that monitored the elongation of α-syn fibrils
in real-time using ThT and TIRF microscopy (Wördehoff, Bannach et al. 2015). The
average fibril growth rate reported in that study was 0.51 ± 0.22 μm/hr over a 40 hr period
(Wördehoff, Bannach et al. 2015). This rate is similar to the average rate of elongation
found in this work (0.58 ± 0.02 μm/hr over 24 hr of incubation) and that of a study that
examined α-syn elongation using atomic force spectroscopy (0.6 μm/hr over 47 min of
incubation on a mica sheet) (Hoyer, Cherny et al. 2004). Conversely, a study examining
the real-time elongation of fluorescently labelled mutant α-syn (N122C) into fibrils via
TIRF microscopy reported a much lower average elongation rate (0.08 ± 0.06 μm/hr over
24 hr). This slower elongation rate is most likely due to the attachment of the fluorescent
dye to the monomer, which has been previously shown to affect fibril morphology and
length (Mučibabić, Apetri et al. 2016). In a study by Pinotsi, Buell et al. (2014), the
overall rate of elongation was determined by averaging across all of the α-syn species
present, including the non-elongation competent seeds. As expected, the elongation rate
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reported by Pinotsi, Buell et al. (2014) is in good agreement with the average growth rate
of α-syn fibrils obtained using ThT and ensemble measurements (Buell, Galvagnion et al.
2014), since these measurements rely on increases in the overall fluorescence signal as a
proxy for fibril growth and therefore do not account for species that are not elongation
competent. Thus, these limitations, along with the results presented from this study,
highlight the importance of being able to discern elongation competent from nonelongation competent a-syn species. Techniques such as the label free single-molecule
fluorescence-based approach described in this work more accurately measure the
elongation kinetics of the system, which is not possible using traditional ensemble-based
measurements.
It is well established that mammalian sHsps inhibit the aggregation of α-syn in vitro
(Bruinsma, Bruggink et al. 2011, Cox, Selig et al. 2016, Selig, Zlatic et al. 2020).
However, it is still not clear precisely how these chaperones interact with α-syn to mediate
this process. This is primarily because most previous studies have used ensemble
measurements (typically involving changes in ThT fluorescence measured with a plate
reader or fluorimeter) which provide information on the overall impact on fibril
formation, but do not reveal details regarding the nature of the interaction. Therefore, to
investigate the interaction between sHsps (Hsp27 and αBc) and α-syn in more detail,
including the type of α-syn species that sHsps interact with and where along fibrils sHsps
bind, single-molecule based TIRF microscopy approaches were employed.
Analysis of the lengths of α-syn species following the elongation of α-syn in the presence
or absence of various sHsp isoforms demonstrated that full length αBc and Hsp27 (αBcWT
and Hsp27WT) as well as the isolated ACD of αBc (αBcACD) significantly reduced the
length of α-syn fibrils. Conversely, the ACD and phosophomicking forms of Hsp27

158

Chapter 6: Examining the binding of sHsps to α-syn using SMF microscopy

(Hsp27ACD and Hsp273D respectively) did not have a significant effect on the final length
of the α-syn fibrils. These results are in agreement with a previous study that examined
the ability of isolated ACDs of αBc and Hsp27 to prevent the aggregation of a range of
amorphous and fibrillar client proteins (Hochberg, Ecroyd et al. 2014). This previous
work, which employed ensemble measurements to assess the impact on protein
aggregation, demonstrated that the ACD of αBc retains chaperone activity comparable
with that of the full-length protein, whilst the ACD of Hsp27 showed little to no
chaperone activity (Hochberg, Ecroyd et al. 2014). Such stark differences in the activity
of the isolated ACDs is surprising given that the ACD is highly conserved amongst all
sHsps (Wistow 1985, Caspers, Leunissen et al. 1995), and there is 54.7% sequence
identity between the ACDs of αBc and Hsp27 (Hochberg, Ecroyd et al. 2014). The small
number of sequence differences between the ACDs of αBc and Hsp27 are distributed over
the entire domain and therefore it has been suggested that differences in their chaperone
activity may be due to specific residues being involved in the interaction between the
ACD domain of αBc and its target protein (Hochberg, Ecroyd et al. 2014).
Given that Hsp27WT exists in equilibrium between large and small (dissociated) oligomers
(Lelj-Garolla and Mauk 2005), whilst both the ACD and phosophomicking forms of
Hsp27 are predominantly dimeric (Hayes, Napoli et al. 2009, Jovcevski, Kelly et al.
2015, Santhanagopalan, Degiacomi et al. 2018), the inability of Hsp27ACD and Hsp273D
to inhibit elongation of α-syn seeds into fibrils may indicate that the capacity to form
larger oligomers is important for this chaperone activity. However, this contrasts the
results from a recent study that used ensemble ThT measurements and a pelleting assay
to report that Hsp273D and Hsp27WT have similar capacities to inhibit α-syn elongation
(Selig, Zlatic et al. 2020). It is important to note that these ensemble measurements
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monitored the output signal from all a-syn species present within the sample and not just
the mature fibrils. Given that in this current work the elongation of a-syn seeds in the
presence of the sHsps resulted in <20% of the seeds elongating into fibrils, the differences
reported here compared to that of Selig, Zlatic et al. (2020) may be due to the large
numbers of non-elongation competent seeds in the ensemble measurements. However,
results from previous work examining the ability of Hsp273D to inhibit the aggregation of
other amorphous and fibrillar client proteins has suggested that Hsp273D has a higher
chaperone activity due to it being present as primarily smaller species (Hayes, Napoli et
al. 2009, Jovcevski, Kelly et al. 2015). To establish whether this is indeed the case, a twocolour TIRF microscopy approach was employed to probe the interaction between the
sHsps isoforms and elongating a-syn.
The two-colour TIRF microscopy approach enabled the direct visualization of fibrils
bound by sHsps following the elongation of seeds in the presence of fluorescently labelled
sHsps. Such an approach required αBc and Hsp27 isoforms with a singular cysteine for
site-specific attachment of a fluorophore. To achieve this, the singular cysteine (C137)
within the Hsp27 isoforms (Hsp27WT, Hsp27ACD and Hsp273D) was mutated to a serine
and an additional cysteine residue was introduced to the extreme C-terminus of the
proteins. As αBcWT lacks cysteines, a cysteine residue was introduced to the extreme Cterminus of αBcWT and αBcACD. The introduction of cysteine residues at this position in
both sHsps has been previously exploited to facilitate efficient fluorescent labelling
without significantly compromising chaperone function (Taki, Shiota et al. 2004, Becker,
Seidel et al. 2006, Johnston, Marzano et al. 2020).
Analysis of the percentage of α-syn species colocalised with a sHsp isoform when
incubated under conditions that promote the elongation of seeds into fibrils demonstrated
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that all sHsps isoforms, with the exception of Hsp273D/C206, bound to aggregated forms of
α-syn with similar efficiencies. This was confirmed to be chaperone specific binding to
fibrils as the percentage of species colocalised with each sHsp isoform was significantly
higher than that of the non-chaperone control protein SOD1 (except for Hsp273D/C206).
Analysis of the lengths of all the α-syn species present following incubation with the
sHsps revealed that α-syn species not associated with a sHsp were significantly smaller
than those to which sHsps were bound. When considering only the α-syn species
colocalised with the sHsps, the full-length sHsps (αBcC176 and Hsp27C206) bound to a
greater proportion of seeds than fibrils and these fibrils were significantly shorter than the
fibrils bound by the isolated ACDs of either sHsp or Hsp273D/C206. Thus, whist all of the
sHsp isoforms are able to recognise and stably bind to a-syn seeds under conditions that
promote fibril formation, the full-length sHsps are able to more effectively inhibit seed
elongation. This results in these full-length sHsps being bound to a higher proportion of
seeds than fibrils at the end of the elongation reaction when compared to the other sHsps
isoforms tested in this work. Further comparison of the length distributions of fibrils
bound to the full length sHsps demonstrated that Hsp27C206 had a greater ability to inhibit
the elongation of α-syn fibrils compared to αBcC176. These results are in agreement with
previous study which reported that Hsp27 is more effective at inhibiting both the lag and
elongation phases of α-syn aggregation compared to αBc (Bruinsma, Bruggink et al.
2011).
Interestingly, fibrils that were bound by aBcACD/C176 following the elongation reaction
were significantly longer than fibrils bound by αBcC176. These results are in contrast to
previous findings in this study (compare Fig. 6.4H and Fig. 6.5D) and other work
(Hochberg, Ecroyd et al. 2014, Mainz, Peschek et al. 2015, Cox, Selig et al. 2016, Selig,
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Zlatic et al. 2020) that showed that (unlabelled forms of) these proteins have a similar
capacity to inhibit the elongation of α-syn seeds into fibrils. It is therefore likely that the
attachment of the fluorophore to the ACD of αBc impacts its chaperone activity. In future,
comparisons of the chaperone activity of fluorescently labelled verses unlabelled forms
of a sHsp under the same experimental conditions are required to determine if the attached
fluorophore has an impact of function.
Given that all of the sHsp isoforms were bound to a similar proportion of α-syn species
at the end of the elongation reaction, these results suggest that sequences within the ACD
of the sHsps mediate the recognition and stable binding of sHsps to aggregated forms of
α-syn. The significantly longer length of fibrils bound by the isolated ACDs and Hsp273D
compared to those bound by full-length sHsp isoforms indicates that binding alone does
not prevent the elongation of these α-syn species. Since the ACDs and Hsp273D/C206 are
predominantly monomeric and dimeric (Hayes, Napoli et al. 2009, Jovcevski, Kelly et al.
2015, Santhanagopalan, Degiacomi et al. 2018), the inability of these sHsp isoforms to
form larger oligomers may alter their capacity to inhibit fibril elongation.
Most studies examining the capacity of sHsps to inhibit α-syn fibril formation have
examined the impact on the conversion of monomeric α-syn to fibrils (Rekas, Adda et al.
2004, Ecroyd, Meehan et al. 2006, Bruinsma, Bruggink et al. 2011). Some recent work
has investigated the interaction of sHsps with mature α-syn fibrils (Rekas, Jankova et al.
2007, Waudby, Knowles et al. 2010, Cox, Whiten et al. 2018, Selig, Zlatic et al. 2020);
however, to date, only one study has implemented TIRF microscopy to examine the
binding to sHsps to preformed (mature) α-syn fibrils (Cox, Whiten et al. 2018). This
previous study found that Hsp27WT binds to the surface of mature α-syn fibrils and this
reduces their overall hydrophobicity and cytotoxicity (Cox, Whiten et al. 2018). Whilst
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this was an important finding, this work did not provide any information with regard to
whether other sHsp isoform are capable of binding to mature α-syn fibrils and, if so, the
specific domain and/or oligomeric forms that mediate this interaction. The work
presented here sought to address this gap in knowledge by using TIRF microscopy at the
single-molecule level to compare the abilities of various αBc (αBcC176 and αBcACD/C176)
and Hsp27 (Hsp27C206, Hsp27ACD/C206 and Hsp273D/C206) isoforms to bind to mature α-syn
fibrils.
Analysis of the percentage of mature α-syn fibrils colocalised with the sHsps isoforms
following incubation revealed that the full-length sHsps (αBcC176, Hsp27C206 and
Hsp273D/C206) were colocalised with a significantly higher proportion of α-syn species
compared to the isolated ACDs of these sHsps and the non-chaperone control SOD1.
Thus, these results suggest that regions within the N- and/or C-terminal regions of these
sHsps facilitate stable binding to mature α-syn fibrils. Moreover, as Hsp27C206 and
Hsp273D/C206 were equivalent in their capacity to bind to fibrils, it is concluded that sHsps
do not need to be capable of forming large oligomers in order to bind to α-syn fibrils.
These results are in agreement with a recent study examining the interaction between
sHsps and mature α-syn fibrils via a pelleting assay (Selig, Zlatic et al. 2020) in which
full-length Hsp27WT, Hsp273D and αBcWT were all found to associate with mature α-syn
fibrils, but the isolated ACDs (αBcACD and Hsp27ACD) were found not to stably associate
with the fibrils. Interestingly, this previous study also demonstrated that removal of the
C-terminal domain reduces, but does not entirely inhibit, the ability of Hsp273D to bind
mature fibrils (Selig, Zlatic et al. 2020).
TIRF imaging revealed that the full-length sHsps (αBcC176, Hsp27C206 and Hsp273D/C206)
bind along the surface of mature α-syn fibrils. Interestingly, some longer fibrils had
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multiple sHsps foci and these were distributed in a non-uniform manner across the length
of the fibril. This suggests that sHsps recognise and bind to specific regions along the
fibril, for example regions of exposed hydrophobicity. This is in agreement with a
previous study that showed that the binding of Hsp27WT reduces the overall
hydrophobicity of mature α-syn fibrils (Cox, Whiten et al. 2018). This is important given
that the amount of exposed hydrophobicity of a protein aggregate correlates with its
toxicity (Glabe 2008, G Glabe 2009, Bolognesi, Kumita et al. 2010). Furthermore, aBc
has been shown to stabilise and inhibit the fragmentation of fibrils formed by another
amylogenic protein, apolipoprotein C-II (Binger, Ecroyd et al. 2013). Thus, by binding
along the surface of mature fibrils and reducing their hydrophobicity, sHsps may reduce
their cytotoxicity and the release of smaller toxic oligomeric species that form as a result
of secondary nucleation or fibril fragmentation (Waudby, Knowles et al. 2010, Binger,
Ecroyd et al. 2013, Cox, Whiten et al. 2018).
It has been previously proposed that αBc inhibits the elongation and fragmentation of αsyn fibrils by capping the ends of the fibril (Waudby, Knowles et al. 2010). In order to
examine if sHsps preferentially bind fibril ends, the location of sHsp foci on fibrils was
determined at the single-molecule level. The results show that a significantly higher
number of sHsp foci were located at the end rather than in the middle region of the fibril.
Analysis of the fluorescence intensity of αBcC176 bound at the ends and middle of the
fibrils demonstrated that there is no significant difference in the number of subunits within
each foci. In contrast, both Hsp27C206 and Hsp273D/C206 foci located within the middle of
the fibrils were significantly brighter than those located at the fibril ends. It has recently
been reported that Hsp27WT and Hsp273D bind a-syn fibrils significantly faster than
αBcWT (Selig, Zlatic et al. 2020). Thus, differences observed in the number of Hsp27 foci
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located at the end compared to the middle of the fibrils may be due to differences in the
binding affinity of the sHsps. Future experiments examining the location of these foci
throughout the incubation period and/or performing a titration of the Hsp27 isoforms
incubated with the mature fibrils could test whether this is indeed the case.
The results obtained by examining the interactions between the sHsps isoforms and asyn species formed throughout and as a result of the elongation reaction clearly
demonstrate that distinct regions within the sHsps mediate their interactions with specific
a-syn species. Since all of the sHsp isoforms were able to bind to a-syn species during
the elongation process, it is concluded that regions within the ACD play an important role
in the recognition of exposed regions of hydrophobicity on a-syn seeds during the
elongation reaction. However, the ability of the sHsps to prevent elongation of these
species varied between the different isoforms, which demonstrates that aBc and Hsp27
exert their inhibition via different types of interactions with a-syn. For example, both the
wild type non-labelled full-length and ACD of aBc were sufficient in preventing the
initiation of a-syn elongation from seeds. This therefore suggests that the chaperone
activity of aBc lies within the ACD. By comparison, the chaperone activity of Hsp27
appears to be dependent on its ability to form large oligomeric assembles as both the ACD
and phosphomicking forms of Hsp27 were not capable of inhibiting the elongation of asyn seeds into fibrils. The results of this work also demonstrate that sHsps interact with
mature fibrils via a mechanism that is distinct from that used to inhibit the aggregation of
a-syn into fibrils. Unlike the full-length isoforms, the ACD domains of both aBc and
Hsp27 were unable to bind mature fibrils therefore demonstrating that the N- and/or Cterminal regions of sHsps are required for stable interactions with a-syn fibrils. These
differences in the mechanisms by which sHsps bind to a-syn species may be due to
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changes in the amount of surface exposed hydrophobicity of species formed during the
elongation process as it has been shown that smaller prefibrillar oligomers have a
significantly higher surface hydrophobicity than mature fibrils (Lee, Sang et al. 2018).
Nevertheless, it is clear that sHsps are able to exploit a variety of mechanisms and regions
in order to interact with the various a-syn species that form during its aggregation and
this prevents and/or reduces the toxicity associated with this process.
Overall, the results presented in this chapter demonstrate that single-molecule
fluorescence-based measurements are able to provide important insights into the
heterogeneous nature of the interactions that underpin the aggregation of α-syn into fibrils
and the binding of sHsps to α-syn species formed during this process. Through
investigation of the interplay between structure and function of aBc and Hsp27 in the
context of a-syn aggregation, this work demonstrates the dynamic and multi-faceted
nature of sHsp chaperone action. Furthermore, the results of the work provide a greater
understanding of the mechanisms by which these chaperones prevent the formation and
toxicity associated with a-syn fibrils. Ultimately, the work presented in this chapter
highlights that single-molecule fluorescence-based techniques are powerful tools that can
be exploited in order to uncover important mechanistic details of heterogeneous
bimolecular interactions, many of which are unattainable using traditional ensemblebased techniques.
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It is widely recognised that sHsps play a critical role in the proteostasis network by
binding to, and trapping, misfolded proteins to protect cells from irreversible aggregation
during periods of cellular stress (Horwitz 1992, de Jong, Leunissen et al. 1993, Jakob,
Gaestel et al. 1993). Consequently, sHsp malfunction has been implicated in a number of
diseases associated with protein aggregation including cataracts, motor neuropathies and
neurodegeneration (Clark and Muchowski 2000, Ciocca and Calderwood 2005, Sun and
MacRae 2005). It is therefore of great importance that we understand the chaperone action
of sHsps as this will provide clues as to how these molecular chaperones (mal)function
in the context of disease. Whilst previous studies have revealed important information
regarding sHsp chaperone function, many fundamental questions remain regarding the
molecular mechanisms by which sHsps interact with misfolded proteins. This is due, in
large part, to their dynamic and polydisperse nature which has made it difficult to uncover
key details of sHsp chaperone function using traditional ensemble techniques. With the
development of SMF techniques that allow the observation of rare and dynamic proteins,
many of the obstacles to deciphering the molecular mechanisms by which chaperones
function have been overcome (Johnston, Marzano et al. 2018). This work sought to
capitalise on the development of these SMF techniques in order to study the interaction
of sHsps with misfolded client proteins.

7.1 Single-molecule fluorescence techniques enable visualisation of complexes
formed between sHsps and misfolded client proteins
A primary goal of this work was to develop and employ SMF-based approaches to
directly observe complexes formed between sHsps and aggregation-prone client proteins.
Since sHsps have been shown to interact with species formed during both amorphous and
fibrillar aggregation, SMF techniques were used to observe the interactions between

168

Chapter 7: Conclusions and future directions

sHsps and the client proteins CLIC1 (as a model client protein that forms amorphous
aggregates upon destabilisation by heat) and α-syn (a disease-related fibril forming client
protein). The work presented in Chapters 3 and 4 demonstrates that the sHsp, αBc binds
and inhibits the amorphous aggregation of CLIC1 by forming sHsp-client complexes
which are visible at the single-molecule level using TIRF microscopy. Unfortunately, due
to the concentration barrier of SMF imaging, real-time in situ formation of sHsp-client
complexes was not able to be achieved - the levels of αBc required were too high for such
an approach. Despite this, the results from this work clearly demonstrate that CLIC1 is a
good model client protein for examining the chaperone activity of sHsps. Moreover,
characterisation of the complexes formed between αBc and CLIC1 at the single-molecule
level provided important novel insights into the mechanism by which sHsps form
complexes with aggregation-prone proteins. Furthermore, the work presented in Chapter
5 demonstrates how SMF-based techniques can be used in conjunction with bulk
ensemble FRET measurements to examine the disassembly of αBc-CLIC1 complexes by
the Hsp70/Hsp40 folding system. Thus, this work demonstrates how the results obtained
using SMF techniques are able to complement ensemble measurements in order to
provide a greater understanding of the way in which multi-chaperone systems are able to
work synergistically in order to rescue aggregation-prone proteins. Similarly, the
visualisation and characterisation of complexes formed between sHsps and α-syn species
described in Chapter 6 demonstrates how SMF techniques can provide important insights
into the dynamic and multi-faceted nature of the interaction between sHsps and fibrillar
client proteins.
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7.2 sHsps inhibit amorphous protein aggregation via a two-step mechanism of sHspclient complex formation
The work presented in Chapter 4 aimed to employ the SMF-based approach developed
and described in Chapter 3 to determine the stoichiometries of complexes formed between
aBc and CLIC1, and to measure how these complexes change over time and as a function
of sHsp concentration. In doing so, the results provide direct experimental evidence that
αBc binds and forms complexes with aggregation-prone CLIC1 proteins via a two-step
mechanism of sHsp-client complex formation. This mechanism involves smaller sHsp
species firstly recognising and stably binding misfolded client proteins. Then, additional
sHsp subunits are recruited to the newly formed complex until the system reaches an
equilibrium between bound and unbound sHsps, at which point no further new growth of
the complexes occurs. This mechanism of sHsp chaperone action is in agreement with
current models of sHsp function (McHaourab, Dodson et al. 2002, Stengel, Baldwin et
al. 2010, Treweek, Meehan et al. 2015, Haslbeck, Weinkauf et al. 2019, Mogk, RugerHerreros et al. 2019). Future studies, including those that employ similar SMF-based
approaches to study other polydisperse sHsps and client proteins, will uncover whether
this is a universal mechanism by which sHsps bind client proteins. Furthermore, studies
aimed at determining whether other factors, such as the rate of subunit exchange and
hetero-oligomerisation of sHsps, impact sHsp-client protein interactions will provide
additional insight into how these chaperones function in the cellular context.
7.3 sHsps cooperate with Hsp70/Hsp40 folding systems to rescue misfolded proteins
Previous studies have reported that client proteins bound to sHsps can be refolded by the
Hsp70/Hsp40 machinery (Ehrnsperger, Gräber et al. 1997, Veinger, Diamant et al. 1998,
Haslbeck, Miess et al. 2005, Peschek, Braun et al. 2013, Żwirowski, Kłosowska et al.
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2017); however, the molecular mechanisms that underpin this process are not known.
The work presented in Chapter 5 of this thesis describes the development and employment
of a FRET-based approach, in conjunction with the single-molecule fluorescence-based
technique developed in Chapter 3 and 4, to examine the effect these folding chaperones
have on the composition of sHsp-client complexes. The results demonstrate that the
Hsc70/Hsp40 refolding system disassembles sHsp-client complexes via the removal of
client proteins from these complexes. This finding agrees with previous models of
holdase-foldase interactions in which, under conditions of cellular stress, the sHsps
recognise and bind misfolded client proteins to prevent their aggregation. Once
physiological conditions are restored, the Hsp70/Hsp40 system refolds sHsp-bound
clients (Veinger, Diamant et al. 1998, Haslbeck, Miess et al. 2005, Żwirowski, Kłosowska
et al. 2017). The work presented in this thesis did not examine the refolding of the client
proteins by the Hsp70/Hsp40 chaperones. Future work could confirm that refolding
occurs by examining if bound client proteins regain enzyme activity following their
removal from sHsp-client complexes by the Hsp70/Hsp40 system. Furthermore, it is yet
to be determined the precise order and stoichiometries of the various components of the
refolding system as they interact with sHsp-client complexes. Given the increasing
number of single-molecule based studies that have successfully investigated the effect
multi-chaperone systems have on protein folding (Kellner, Hofmann et al. 2014, Ratzke,
Hellenkamp et al. 2014, Nunes, Mayer-Hartl et al. 2015, Okuda, Niwa et al. 2015,
Wortmann, Götz et al. 2017) there is the potential to further expand on SMF-based
experiments involving interactions between holdase and foldase chaperones. For
example, the development of four-colour smFRET systems has enabled complex multicomponent systems such as the ATP-dependent Hsp90 chaperone system to be examined
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(Ratzke, Hellenkamp et al. 2014). Single-molecule techniques such as this could be used
to simultaneously monitor both foldase and holdase functions of Hsps.
Another potential area for future work is to exploit the SMF approaches developed here
to examine whether the mechanism of disassembly of sHsp-client complexes by the
Hsp70/Hsp40 refolding system is universal for all sHsps and client proteins. Additionally,
since the results in Chapter 5 demonstrate that there are differences in the ability of the
two Hsp70 refolding systems (Hsp70A1 and Hsc70) to interact with client proteins bound
to sHsps, it would be worthwhile to examine whether other Hsp70/Hsp40 members
efficiently and effectively disassemble sHsp-client complexes. This would be beneficial
as it may uncover combinations that enable visualisation of this process in real-time at
the single-molecule level. Moreover, with the recent development of protein folding
sensors, i.e. proteins that are fluorescently labelled such that changes in the fluorescence
signal report on the folded verses non-folded state (Ueno, Taguchi et al. 2004, Imamoglu,
Balchin et al. 2020), there is an opportunity to follow the folded state of a client protein
as it interacts with the sHsp and Hsp70/Hsp40 chaperone systems.
7.4 sHsps exploit various types of interactions in order to inhibit α-syn fibril
formation
The work presented in Chapter 6 of this thesis aimed to develop and exploit a TIRF-based
approach to directly visualise the binding of sHsps to a-syn fibrils in order to determine
the effect this binding has on the length of these fibrils. By visualising α-syn species that
had been elongated in the presence or absence of sHsps at the single-molecule level using
TIRF microscopy, it was demonstrated that α-syn aggregation results in the formation of
a range of aggregated species. Furthermore, sHsps are able to interact with α-syn species
formed during the early stages of the aggregation as well as the end-product of this
process, mature α-syn fibrils. Length and colocalisation analysis of the complexes formed
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between these α-syn species and the various sHsp isoforms used in this work
demonstrated that sHsps prevent elongation of α-syn seeds. They do so via multiple
distinct binding sites involving regions in the N- and C-terminal domains, as well as the
ACD. In contrast, the binding of sHsps to mature α-syn fibrils involves only the N- and
C-terminal regions, and not the ACD. Thus, these findings highlight the multi-faceted
nature of the interactions between sHsps and α-syn.
A key finding of the work presented in Chapter 6 is that sHsps are able to inhibit the
formation of α-syn fibrils by stably binding to smaller α-syn species that form in the early
stages of aggregation. The capacity of sHsps to do so is important given that smaller
prefibrillar oligomeric species are proposed to be more cytotoxic relative to mature
amyloid fibrils (Xu, Kao et al. 2002, Glabe 2008, Winner, Jappelli et al. 2011). It remains
to be determined whether the initial encounter between sHsps and α-syn is mediated by
smaller “chaperone active” sHsp oligomeric species, as observed for other sHsp-client
interactions (such as those shown in Chapter 4). Given that an increasing number of SMFbased studies have successfully visualised the seeded growth of amyloidogenic proteins,
including α-syn, in real-time (Ban, Yamaguchi et al. 2006, Pinotsi, Buell et al. 2014,
Wördehoff, Bannach et al. 2015), there is potential to further develop these real-time SMF
elongation assays by incorporating fluorescently labelled sHsps. The capacity to directly
observe binding of sHsps to elongating α-syn may enable the stoichiometries and kinetics
of this interaction to be determined, thereby provide further information regarding the
mechanisms by which these chaperones prevent α-syn elongation.
In addition to demonstrating that sHsps interact with small oligomeric forms of α-syn, the
result of this work also confirmed was that sHsps bind mature α-syn fibrils. Given that
the toxicity of aggregates is strongly linked to their relative hydrophobicity (Bolognesi,
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Kumita et al. 2010), it is likely that, by binding to fibrils, sHsps shield regions of exposed
hydrophobicity on the fibril surface, thereby protecting cells from the cytotoxic effects of
α-syn fibrils. Furthermore, it has been proposed that the stable binding of sHsps to the
surface of α-syn fibrils acts to stabilise the fibrils to prevent and reduce the surface area
available for secondary nucleation events and fragmentation (Cox, Whiten et al. 2018,
Selig, Zlatic et al. 2020). Future work examining the effect sHsps have on the stability
and fragmentation of α-syn fibrils should be performed to determine whether this is
indeed the case.
7.5 A revised model of the chaperone mechanisms of sHsps
Taken together, the results presented in this thesis clearly demonstrate that sHsps exploit
distinct chaperone mechanisms in order to recognise and bind aggregation-prone species
to prevent aggregation and the toxicity associated with this process. Based on these
results, a revised model of the mechanisms used by sHsps to inhibit the aggregation of
both amorphous and fibril-forming client proteins is presented in Fig. 7.1. To prevent the
formation of protein aggregates, partially-folded intermediate states of client proteins that
move into off-folding pathways as a result of cellular stress or missense mutations are
recognised and bound by sHsp species that dissociate from larger sHsp oligomers. This
results in the formation of sHsp-client complexes. These initial complexes grow in size
through the subsequent addition of sHsp subunits, thereby forming high-molecular mass
complexes (Chapter 3 and 4). sHsps hold client proteins in a folding-competent state until
such a time that physiological conditions permit refolding by the Hsp70/Hsp40 system.
The Hsp70/Hsp40 chaperones disassemble sHsp-client protein complexes by removing
the client proteins from these complexes, presumably so these can be refolded back to
their native conformation (Chapter 5). sHsps can also bind species that form as a result
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of aggregation. Thus, sHsps are able to stably bind and prevent the further growth of small
prefibrillar oligomers into amyloid fibrils (Chapter 6). sHsps are also able to stably bind
to mature fibrils, which potentially stabilises them and reduces their cytotoxicity. A
primary focus of future work should be to examine if these mechanisms are universal
with regard to the interactions between the diverse array of sHsps isoforms expressed by
cells and the client proteins with which sHsps interact.

Figure 7.1: The chaperone mechanisms by which sHsps interact with aggregation-prone
proteins. A native protein can undergo reversible unfolding which results in the formation of a
partially folded intermediate state. This state may enter off-folding pathways, for example due to
cellular stress or missense mutations. (1) In order to prevent the amorphous aggregation of
misfolded client proteins that enter off-folding pathways, sHsp species that dissociate from larger
oligomers recognise and bind these client proteins forming sHsp-client complexes. Additional
sHsp subunits are then able to accumulate on these complexes forming high-molecular mass
complexes which hold client proteins in a folding competent state, (2) until such time that the
Hsp70/Hsp40 system is able to dissemble these complexes and refold the misfolded client
proteins back to their native conformation. (3) sHsps can also form stable complexes with both
prefibrillar oligomers and mature amyloid fibrils. This prevents the elongation of the prefibrillar
oligomers into mature fibrils and potentially stabilises and reduces the toxicity of the mature
fibrils.
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7.6 Concluding remarks
The work presented in this thesis demonstrates the ability of SMF techniques to provide
fundamental information regarding molecular interactions, in this case the mechanisms
by which the sHsp molecular chaperones act to prevent protein aggregation as part of
their role in proteostasis. These results further our understanding of how sHsps function,
both alone and in conjunction with other Hsp families, by interacting with aggregationprone client proteins. Furthermore, this work highlights the potential to further develop
and exploit SMF-based techniques to interrogate sHsp chaperone function. This
knowledge is of critical importance as the chaperone function of sHsps underpins stress
tolerance of cells and organisms and is a key component of the cellular proteostasis
network.
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Appendix I
Table 1: Summary of recombinant proteins used in this work:
Protein name

Abbreviation

Organism

Gene

Chloride intracellular
channel protein 1
Heat shock protein beta-1
AlphaB-crystallin
Heat shock 70 protein 1A
Heat shock 71 protein
DnaJ homolog subfamily B
member 1
BAG family molecular
chaperone regulator 3
α-synuclein

CLIC1

Human

CLIC1

Uniprot
identifier
O00299

Hsp27, HspB1
αBc, HspB5
Hsp70A1
Hsc70
DNAJB1

Human
Human
Human
Human
Human

HSPB1
HSPB5
HSP70A1A
HSPA8
DNAJB1

P04792
P02511
P0DMV8
P11142
P25685

Bag3

Human

BAG3

O95817

α-syn

Human

SNCA

P37840
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Appendix II
The percentage reduction in FRET (Ered) for αBc-CLIC1C24 complexes in the presence of
DNAJB1 (1µM) with increasing concentrations of Hsc70 (Table 1) or Hsc70 (2 µM) and
increasing concentrations of DNAJB1 (Table 2) monitored over time and fit to a onephase exponential association model. Summary of fitting parameters for comparisons and
goodness of fits for Fig. 5.3.
Table 1: Summary of goodness of fit parameters for molar ratios of DNAJB1:Hsc70 (Fig.
5.3A):
Molar ratio of
DNAJB1:Hsc70
Degrees of
Freedom
R squared
Sum of Squares
Sy.x

8:1

4:1

2:1

1:1

0.5:1

36

36

36

36

36

0.8868
265.7265.2
2.717

0.9442
691.2
2.714

0.9088
715.2
4.382

0.9370
715.2
4.457

0.8707
1938
7.337

Table 2: Summary of goodness of fit parameters for molar ratios of Hsc70:DNAJB1 (Fig.
5.3D):
Molar ratio of
Hsc70:DNAJB1
Degrees of
Freedom
R squared
Sum of Squares
Sy.x

8:1

4:1

2:1

1:1

0.5:1

36

36

36

36

36

0.7748
570.2
3.980

0.8580
1194
5.758

0.9126
1179
5.723

0.8610
2077
7.595

0.8988
1296
5.999
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